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Abstract.  The  mechanisms  by  which  interleukin-1  (IL-1) 
stimulates  hematopoiesis  are  not  clear.  We  have  previously 
shown  that  in  vivo  administration  of  IL-1  indirectly  increases 
IL-1  receptor  (IL-1R)  expression  on  both  immature  and 
mature  bone  marrow  (BM)  cells,  partly  due  to  IL-l-induced 
hematopoietic  growth  factor  (HGF)  production.  Because  IL-1 
also  stimulates  the  hypothalamic  pituitary-adrenal  axis  result¬ 
ing  in  the  production  of  glucocorticoids  (GC),  we  assessed 
whether  in  vivo  treatment  with  HGF  and  glucocorticoids 
upregulates  IL-1R.  Administration  of  IL-1  to  adrenalectomized 
mice  reduces  by  53%  IL-specific  binding  on  light  density 
bone  marrow  (LDBM)  cells  compared  to  sham-operated  mice. 
The  administration  of  dexamethasone  (dex)  alone  induced 
only  a  slight  increase  in  IL-1R  expression  but  synergized  with 
granulocyte  colony-stimulating  factor  (G-CSF),  granulocyte- 
macrophage  CSF  (GM-CSF),  IL-3  and  IL-6  to  upregulate  IL-1R 
expression.  Flow  cytometry  analysis  using  the  RB6-8C5  anti¬ 
body,  which  is  differentially  expressed  on  myeloid  cells,  indi¬ 
cated  that  combined  G-CSF  and  dex  treatment  acts  to  pro¬ 
mote  increased  numbers  of  differentiated  myeloid  progenitors 
in  the  bone  marrow.  Autoradiographic  analysis  confirmed 
that  while  G-CSF  and  dex  increased  IL-1R  expression  on  all 
myeloid  cells,  it  was  particularly  pronounced  for  myelocytes, 
promyelocytes  and  metamyelocytes.  These  results  suggest 
that  the  ability  of  IL-1  to  enhance  granulocyte  differentiation 
in  vivo  is  partly  due  to  its  ability  to  induce  a  cascade  of 
cytokines  and  steroids  which  in  turn  regulate  IL-1  receptor 
expression. 

K*y  words:  IL-1  receptor— CSFs — Glucocorticoids — 
Myelopoiesis 

Introduction.  Interleukin- 1  (IL-1)  is  a  pleiotropic  cytokine 
affecting  the  immune,  inflammatory,  neuroendocrine  and 
hematopoietic  systems  (1,2).  Much  of  this  diversity  is  based 
on  the  ability  of  IL-1  to  induce  production  of  other  biologic 
mediators  such  as  corticotropin  releasing  factor,  corticos¬ 
teroids,  adrenocorticotropic  hormone  (ACTH),  insulin  and 
hematopoietic  growth  factors  (G-CSF,  GM-CSF,  IL-6,  IL-8, 
transforming  growth  factor  beta  [TGF-B]  and  tumor  necrosis 
factor  alpha  (TNF-a])  from  multiple  cell  types. 

The  ability  of  IL-1  to  synergize  with  HGFs  to  promote  the 
growth  and  differentiation  of  primitive  progenitor  cells  in 


vitro  [3-5]  suggests  that  IL-1  also  plays  an  important  role  in 
the  regulation  of  hematopoiesis  (6]\  In  vivo  administration  of 
IL-1  induces  an  initial  rapid  mobilization  of  neutrophils  from 
the  bone  marrow,  followed  by  cycling  of  hematopoietic  prog¬ 
enitor  cells  resulting  in  the  expansion  of  the  granulocytic 
compartment  [7-11],  These  effects  presumably  contribute  to 
the  ability  of  IL-1  to  accelerate  the  recovery  of  hematopoietic 
stem  cells  and  blood  neutrophils  following  myelosuppression 
by  chemotherapeutic  drugs  or  exposure  to  lethal  radiation 
[12-16], 

In  order  to  better  understand  the  mechanism  of  action  of 
IL-1  in  vivo,  we  demonstrated  that  the  IL-1  mediated  upregu- 
lation  of  IL-1  receptors  on  bone  marrow  cells  after  in  vivo 
administration  of  IL-1  occurs  by  an  indirect  mechanism  |17], 
In  contrast,  several  hematopoietic  growth  factors,  such  as 
GM-CSF,  G-CSF,  IL-3  and  IL-6  but  not  IL-1,  act  in  vitro  to 
upregulate  IL-1R  on  both  progenitor  cells  [18]  and  mature 
myeloid  cells  (18,19].  In  vivo  administration  of  HGFs,  howev¬ 
er,  only  partially  mimic  the  ability  of  IL-1  to  upregulate  IL-1  R 
expression  (17).  It  is,  therefore,  likely  that  other  factors  also 
contribute  to  the  in  vivo  upregulation  of  IL-1  on  hematopoi¬ 
etic  progenitor  cells.  Since  the  in  vivo  administration  of  IL-1 
also  results  in  an  elevation  of  corticosteroids  in  plasma  [20] 
and  glucocorticoids  enhance  in  culture  the  expression  of  IL- 
1R  on  monocytes,  B  lymphocytes  and  fibroblasts  |21 ,22],  GCs 
might  participate  in  the  upregulation  of  IL-1  R  on  bone  mar¬ 
row  cells  observed  in  response  to  IL-1.  In  this  study,  evidence 
is  presented  for  a  role  for  GCs  as  well  as  HGFs  in  IL-1  R  regula¬ 
tion. 

Materials  ami  mathodi 

Mice.  CD2F1  male  mice  were  purchased  from  the  Animal 
Genetics  and  Production  Branch,  National  Cancer  Institute, 
NIH  (Frederick,  MD).  Animals  were  handled  as  previously 
described  (23],  Animal  care  was  provided  in  accordance  with 
the  procedures  outlined  in  the  Guide  for  Care  and  Use  of 
Laboratory  Animals  (NIH  Publication  #86-23,  1985). 

Reagents.  Human  recombinant  IL-la  was  supplied  by 
Hoffmann-La  Roche  (Nutley,  NJ).  Human  recombinant  G-CSF 
was  supplied  by  Amgen  Corp.  (Thousand  Oaks,  CA).  Human 
recombinant  IL-6  (5xl06  U/mL)  in  pyrogen-free  solution  was 
kindly  provided  by  Dr.  Menachem  Rubinstein  (Interpharm 
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Fig.  1.  Comparative  effect  of  in  vivo  IL-1  on  IL-1R  expres¬ 
sion  on  BM  ceils  from  adrenalectomized  (removal  of  adren¬ 
al  gland)  mice  vs.  sham-adrenalectomized  (similar  surgical 
procedure  without  removal  of  the  adrenal  gland)  mice. 
Mice  were  adrenalectomized  14  days  before  injection  of 
100  ng  IL-1.  Sixteen  to  18  hours  after  IL-1  administration, 
BM  cells  were  harvested  and  tested  for  the  expression  of  IL- 
1R  as  described  in  Materials  and  methods.  Each  bar  repre¬ 
sents  the  mean  ±  SE  of  2  experiments  from  which  the  level 
of  background  binding  (280  ±41)  was  subtracted.  The 
numbers  in  parentheses  represent  the  number  of  mice 
receiving  each  treatment. 


SHAM  ADX  ADX 


Laboratory,  Ness-Ziona,  Israel).  Murine  IFN-y  was  kindly  pro¬ 
vided  by  Genentech  (San  Francisco,  CA).  Murine  recombi¬ 
nant  IL-3  and  GM-CSF  were  generously  provided  by  Dr. 
Steven  Gillis  (Immunex  Corp.,  Seattle,  WA).  Human  recombi¬ 
nant  TGF-fi  was  generously  provided  by  Dr.  Tony  Purchio 
(Bristol-Myers/Squibb  Pharmaceuticals,  Seattle,  WA). 
Dexamethasone  sodium  phosphate  was  purchased  from 
LymphoMed  Inc.  (Rosemont,  IL). 

In  vivo  procedures.  Cytokines  and  dexamethasone  were  diluted 
in  pyrogen-free  saline  on  day  of  injection.  Predetermined 
optimal  doses  of  cytokines  (17,23,24)  were  given  intraperi- 
toneally  (i.p.)  at  the  same  time  as  dex  administered  at  50 
pg/mouse  or  at  the  dose  indicated  in  the  text.  Bone  marrow 
cells  were  tested  for  the  expression  of  IL-1R  16  to  18  hours 
after  treatment.  Adrenalectomy  was  performed  under  anes¬ 
thesia  14  days  before  the  experiment.  Adrenalectomized  mice 
were  given  1.0%  (wt/vol)  NaCl  in  drinking  water. 

Measurement  of  CSF  activity  in  serum.  CSF  titer  in  serum  was 
measured  as  follows.  Briefly,  mice  were  bled  2  to  3  hours  after 
IL-1  infection  and  serum  was  collected  by  centrifugation  after 
clot  formation.  CSF  activity  was  determined  using  bone  mar¬ 
row  colony  assay  for  CSF  activity  as  previously  described  [20]. 
Briefly,  BM  cells  were  suspended  in  1.0  mL  IMDM,  10%  FCS, 
in  0.3%  Seaplaque  agarose  (Rockland,  ME)  in  the  presence  or 
absence  of  serum  (serial  2-fold  dilutions).  The  cells  were  plat¬ 
ed  in  35  mm  Lux  petri  dishes  (Miles  Laboratories  Inc., 
Naperville,  IL)  and  incubated  at  37°C  in  5.0%  COz  and  scored 
for  colonies  (>50  cells)  growth  after  7  days  of  incubation.  CSF 
activity  was  expressed  as  colony-forming  units  per  millimeter, 
based  on  the  colony  count  at  50%  of  maximum  response 
(Ed50). 

Preparation  of  bone  marrow  cells.  Murine  bone  marrow  cells 
were  aspirated  from  femurs  and  low-density  mononuclear 
cells  were  Isolated  by  separation  on  Lymphocyte  Separation 
Medium  (Organon  Teknika  Corp.,  Durham,  NC). 

Flow  cytometry  analysis  of  bone  marrow  cells.  BM  cells  from 
saline-,  dex-  and/or  cytokine-treated  mice  were  labeled  with 
either  monoclonal  antibody  (MAB)  RB6-8C5,  Thy-1,  L3T4, 
F480  or  control  lgG  In  an  Indirect  Immunofluorescence  assay. 
Briefly,  10*  BM  cells  were  resuspended  in  RPMI  with  10%  fetal 
calf  serum  and  Incubated  for  30  minutes  at  4°C  with  1.0  pg  of 


the  appropriate  MAB.  The  cells  were  washed  and  then  incu¬ 
bated  with  fluorescein-labeled  goat  antirat  antibody  for  30 
minutes  at  4°C.  The  cells  were  then  washed  2  times  with  PBS 
alone,  fixed  with  1.0%  paraformaldehyde  in  PBS  and  ana¬ 
lyzed  using  Coulter  Profile  II. 

Preparation  of  iodinated  IL-1.  Human  rIL-la  was  labeled  with 
125I  using  chloramine-T  reagent  as  described  previously  |25). 
The  radiolabeled  IL-la  had  a  specific  activity  that  ranged 
from  1  to  3xl0IS  cpm/mmol.  There  was  no  significant  loss  of 
biological  activity  of  radiolabeled  IL-la  as  determined  by  the 
thymocyte  comitogenic  activity  assay. 

Receptor  binding  assay.  Fractionated  bone  marrow  cell  suspen¬ 
sions  were  washed  once  with  cold  medium  and  cell  pellets 
were  treated  for  1  minute  on  ice  with  50  mm  glycine-HCl  (pH 
3.0)  to  remove  potentially  bound  cytokines.  Subsequently, 
the  cells  were  washed  twice  with  binding  medium  (RPMI 
1.0%  BSA  supplemented  with  0.1%  sodium  azide  and  10  mm 
Hepes)  and  incubated  at  4°C  with  500  pm  125l-labeled  IL-la  in 
a  final  volume  of  0.2  mL  After  1  to  2  hours  of  incubation, 
cell-bound  radioactivity  was  separated  from  unbound  1ZSI-IL- 
la  by  centrifugation  of  the  sample  through  a  mixture  of  1 .5:1 
(vol/vol)  dibutyl  phthalate/bis(2-ethylhexyl)-phthalate 
(Eastman  Kodak  Co.,  Rochester,  NY).  Nonspecific  binding  was 
determined  by  incubating  bone  marrow  cells  with  labeled  IL- 
la  in  the  presence  of  50-fold  excess  of  unlabeled  ligand. 

Autoradiography.  LDBM  cells  from  mice  treated  16  to  18  hours 
with  IL-1,  G-CSF  and/or  dex  were  prepared  as  described  for 
receptor  binding  assay  and  incubated  at  4°C  with  1.0  nm  12SI- 
IL-la.  After  1  hour  of  incubation,  cell-bound  radioactivity 
was  separated  from  unbound  IL-1  by  centrifugation  of  the 
sample  through  a  layer  of  cold  FBS.  The  autoradiography  was 
performed  using  a  modification  of  a  previously  described 
technique  (26).  Briefly,  2x10s  cells  were  centrifuged  onto 
microscope  slides  coated  with  0.5%  gelatin,  fixed  in  methanol 
for  10  minutes,  coated  with  Kodak  NTB2  photographic  emul¬ 
sion  and  exposed  at  4°C  for  4  weeks.  Slides  were  developed 
with  Kodak  D-19  developer,  fixed  with  Kodak  fixer,  stained 
with  Jenner-Giemsa.  The  number  of  grains  was  determined 
for  over  50  cells  per  slide  for  2  slides. 


Endogenous  corticosteroid  production  is  involved  in  the  upregula- 
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Table  1.  IL-l -stimulated  CSF  production  in  adrenalectomized 
and  sham-adrenalectomized  mice 


Mice' 

IL-l  injection  (ug/mice)b 

CSF  titer  (U/mL)' 

Sham-ADX 

None 

<20 

Sham-ADX 

0.1 

590 

Sham-ADX 

1.0 

705 

ADX 

None 

<20 

ADX 

0.1 

750 

ADX 

1.0 

853 

'Mice  were  either  adrenalectomized  or  sham-adrenalec¬ 
tomized  as  described  [23]. 

’’Mice  were  bled  2  to  3  hours  after  IL-l  injection  as  described 
in  Materials  and  methods. 

cSerum  was  assayed  for  CSF  activity  as  described  in  Materials 
and  methods.  The  data  represent  CSF  titers  of  pooled  serum 
from  3  mice. 


tion  of  IL-1R.  To  examine  the  role  of  endogenous  corticos¬ 
teroids  in  the  upregulation  of  1L-1R  on  bone  marrow  cells 
after  IL-l  injection,  mice  were  adrenalectomized.  The  highest 
dose  of  IL-l  (100  ng/mouse)  that  adrenalectomized  mice 
could  tolerate  was  given  i.p.  14  days  after  surgery.  As  already 
demonstrated  in  normal  animals  [17],  the  administration  of 
100  ng  of  IL-l  to  sham-adrenalectomized  mice  resulted  in  a 
15-fold  increase  in  IL-l-specific  binding  compared  to  saline- 
treated  sham-adrenalectomized  mice  at  16  hours  after  injec¬ 
tion  of  IL-l  (Fig.  1).  This  time  was  chosen  based  on  our  previ¬ 
ous  studies  showing  maximal  1L-1R  expression  at  16  to  18 
hours  [17].  The  specific  binding  of  IL-l  on  BM  cells  from  IL-1- 
treated  adrenalectomized  mice  was  reduced  by  53%  com¬ 
pared  with  IL-l-treated  sham-adrenalectomized  mice.  No  spe¬ 
cific  IL-l  binding  was  detectable  on  bone  marrow  cells  from 
adrenalectomized  mice.  These  data  suggest  that  endogenous 
corticosteroids  participate  in  the  constitutive  and  IL-1- 
induced  expression  of  IL-1R. 

Since  it  has  been  established  that  IL-l-induces  HGF  pro¬ 
duction  [2,23],  we  studied  whether  adrenalectomy  influences 
IL-stimulated  HGF  production.  For  this,  adrenalectomized 
and  control  (sham-adrenalectomized)  mice  were  bled  2  to  3 
hours  after  IL-l  injection.  IL-l  induced  similar  levels  of  CSF 
production  in  all  mice  tested  (Table  1),  indicating  that 
adrenalectomy  does  not  impair  IL-stimulated  HGF  produc¬ 
tion.  We  next  examined  the  ability  of  exogenous  addition  of 
dex  to  synergize  with  IL-l  in  the  regulation  of  IL-1R  expres¬ 
sion.  The  injection  of  optimal  concentrations  of  dex  (50  ng) 
[27]  in  the  presence  of  optimal  amounts  of  IL-l  (1.0  pg)  [17] 
did  not  increase  IL-1R  expression  (Fig.  2).  At  concentrations 
of  0.1  and  0.3  pg  of  IL-l  per  mouse,  however,  dex  increased 
IL-l R  expression  2-fold.  The  magnitude  of  IL-l  upregulation 
in  these  cases,  however,  did  not  equal  the  magnitude  seen 
with  optimal  IL-l  concentrations. 

Dexamethasone  synergizes  with  HGFs  in  the  upregulation  ofIL-lR. 
Since  we  have  recently  determined  that  increased  IL-1R 
expression  after  IL-l  administration  to  mice  was  mediated,  in 
part,  through  endogenous  HGF  production  [17],  we  exam¬ 
ined  the  effect  of  dexamethasone  in  combination  with  HGFs 
on  IL-1R  expression  on  BM  cells.  Mice  were  injected  with 
equivalent  doses  of  hematopoietic  growth  factors  such  as  G- 
CSF,  GM-CSF,  IL-3  and  IL-6  as  well  as  TGF-6,  a  negative  regu- 


IL-1  (ug/mouse) 

Fig.  2.  Dose-dependent  interaction  between  dex  and  IL-l 
administration  for  increase  in  IL-1R  expression 
Mice  were  injected  i.p.  with  either  saline,  the  indicated  doses 
of  IL-l  and  maximal  dose  (50  pg)  of  dex.  Sixteen  to  18  hours 
after  treatment  radioreceptor  assays  for  the  expression  of  IL- 
1R  on  BM  cells  were  done  as  described  in  Materials  and  meth¬ 
ods.  The  data  represent  the  mean  ±  SE  of  duplicate  determi¬ 
nations  using  pooled  cells  from  3  animals.  Background  was 
259  ±  34,  which  was  subtracted  from  the  data  shown. 


lator  of  hematopoiesis.  Among  the  cytokines  tested,  G-CSF, 
GM-CSF,  IL-3  or  IL-6  treatment  in  combination  with  dex  (50 
pg)  results  in  a  synergistic  effect  on  IL-1R  expression  on  bone 
marrow  cells  (Fig.  3).  At  equivalent  doses,  rG-CSF  was  slightly 
more  potent  than  GM-CSF,  followed  by  IL-6  and  IL-3  (Fig.  3). 
G-CSF  plus  dex  and  GM-CSF  plus  dex  were  equal  to  or  better 
than  IL-l.  TGF-S  alone  did  not  increase  IL-1R  expression  and 
did  not  synergize  with  dexamethasone. 

Using  G-CSF,  the  dose-dependence  of  the  synergistic  inter¬ 
action  between  dex  and  HGFs  was  studied.  The  administra¬ 
tion  of  a  previously  determined  [17]  optimal  dose  of  G-CSF 
significantly  increased  the  expression  of  IL-1R  on  BM  cells 
(4.3-fold)  (Fig.  4).  The  administration  of  dex  alone  induced  a 
2-fold  increase  in  IL-l R  expression  but  synergized  with  G-CSF 
to  upregulate  IL-l R  in  vivo  in  a  dose-dependent  fashion  (Fig. 
4).  In  all  experiments  performed  (n=7),  the  administration  of 
G-CSF  (5.0  pg)  and  dex  (50  pg)  upregulated  IL-l R  expression 
to  a  greater  extent  than  seen  with  an  optimal  dose  ( 1 .0  pg)  of 
IL-l  alone  (Fig.  4).  This  synergy  with  G-CSF  in  increasing  IL- 
1R  expression  was  dose-dependent  on  dex  (Fig.  4). 

To  determine  if  G-CSF  and  dex  can  act  on  isolated 
hematopoietic  cells  in  vitro,  normal  BM  cells  were  incubated 
in  vitro  with  G-CSF  and/or  different  concentrations  of  dex.  G- 
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Fig.  3.  Hematopoietic  growth  factors 
synergize  with  dexamethasone  to 
upregulate  IL- 1 R  expression 
Mice  were  injected  i.p.  with  either 
saline,  IL-1  (1.0  pg),  G-CSF  (5.0  pg), 
GM-CSF  (5.0  pg),  IL-3  iS.O  pg),  IL-6 
(5.0  pg),  TGF-fi  (5.0  pg)  and/or  dex 
(50  pg).  Sixteen  to  18  hours  after 
treatment,  BM  cells  were  harvested 
and  tested  for  the  expression  of  IL-1R 
using  radioreceptor  assay.  The  data 
represent  the  mean  ±  SE  of  determi¬ 
nations  using  3  to  15  mice  as  indi¬ 
cated  in  parentheses,  2  to  4  experi¬ 
ments  for  each  cytokine.  The  level  of 
background  binding  was  315  ±  52, 
which  was  subtracted  from  the  data 
shown  here. 


Fig.  4.  Dose-dependent  synergistic  inter¬ 
action  between  dexamethasone  and  G- 
CSF  administration  for  the  increase  in  IL- 
1R  expression 

Mice  were  injected  i.p.  with  either  saline, 
maximal  dose  of  IL-1  (1.0  pg),  maxima] 
dose  of  G-CSF  (5.0  pg)  and/or  increasing 
doses  of  dex.  Sixteen  to  18  hours  after 
the  treatments,  radioreceptor  assay  for 
the  expression  of  1L-1R  on  BM  cells  was 
performed  as  described  in  Materials  and 
methods.  The  data  represent  the  mean  ± 
SE  of  duplicate  determinations  of  at  least 
2  experiments  using  pooled  cells  from  3 
animals.  The  level  of  background  bind¬ 
ing  was  259  ±  34,  which  was  subtracted 
from  the  data  shown  here. 


Salma  IL-1  Dax12  5ug  Do*  50  ug  G-CSF  G-CSF*  G-CSF*  G-CSF* 

Do*  12.5  ug  Do*  25  ug  Dex  50  ug 


CSF  and  dex  also  synergize  in  vitro  to  increase  IL-1 -specific 
binding  (Table  2),  whereas  IL-1  by  itself  had  no  effect. 

Distribution  ofIL-lR  on  bone  marrow  cells  from  G-CSF-  and  dex- 
treated  mice.  We  next  evaluated  whether  the  in  vivo  adminis¬ 
tration  of  G-CSF  and  GC  increased  expression  of  IL-1R  on  a 
specific  population  or  subpopulation  of  BM  cells.  Mice 
received  a  single  injection  of  saline  or  a  combination  of  G- 
CSF  and  dex.  IL-1  binding  to  BM  cells  was  determined  by 
autoradiography,  16  to  18  hours  after  injection. 
Autoradiographic  analysis  of  cells  from  saline-treated  animals 
showed  that  most  of  the  labeled  cells  belonged  to  the  granu¬ 
locytic  series  (Table  3,  Fig.  5).  Seven  percent  of  the  undifferen¬ 
tiated  blast/early  cells  were  labeled  with  8  grains  per  cell.  After 
treatment  with  G-CSF  and  dex,  these  cells  were  19%  positive 
with  28  grains  per  ceil.  Promyelocytes  and  myelocytes  (43% 
positive  with  19  grains  per  cell)  were  the  most  heavily  labeled 
cells  after  G-CSF  and  dex  treatment  (87%  positive  with  57 
grains  per  cell).  Thirteen  and  16%  of  eosinophilic  and  mono¬ 
cytic  cells  exhibited  a  similar  pattern  of  labeling  with  7  to  8 


specific  grain  per  cell.  More  monocytic  cells  were  labeled  after 
G-CSF  and  dex  treatment  (31%)  with  a  small  increase  in  the 
number  of  grains  per  ceil  (8  to  17).  This  treatment  had  no 
effect  on  eosinophilic  cells.  No  specific  IL-1  labeling  was 
observed  on  erythroid  cells.  These  results  clearly  demonstrate 
that  G-CSF  and  dex  treatment  results  in  an  increase  in  IL-1R 
expression  along  the  myelocytic  series  and  is  particularly  pro¬ 
nounced  for  myelocytes  followed  by  metamyelocytes  and  seg¬ 
mented  neutrophils. 

G-CSF  and  dexamethasone  promote  granulopoiesis.  Because  the 
administration  of  IL-1  induces  an  initial  rapid  mobilization  of 
neutrophils  from  the  bone  marrow  followed  by  increased 
cycling  of  hematopoietic  progenitor  cells,  resulting  in  the 
expansion  of  granulocytes  in  the  marrow  [7-11],  we  exam¬ 
ined  whether  the  combination  of  G-CSF  and  dex  also  pro¬ 
moted  an  expansion  of  myeloid  cells.  Bone  marrow  cells  were 
analyzed  by  fluorescence-activated  cell  sorting  accordingly  to 
the  differential  expression  of  RB6-8C5  antigen  on  myeloid 
cells  [28]. 
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Table  2.  In  vitro  interaction  between  G-CSF  and  dexametha- 
sone  in  the  upregulation  of  IL-1R  on  bone  marrow  cells 

Factor  added'  IL-l-specific  binding  (CPM)b 


Table  3.  Distribution  of  IL-1R  on  BM  cells  from  G-CSF  plus 
dexamethasone-treated  mice 

Specific  IL-1  binding 


None 
DEX  lO^M 
G-CSF 

G-CSF  +  DEX  1010M 
G-CSF  +  DEX  10^M 
IL-1 


798  ±  56 
1341  ±30 
4195  ±  273 
5985  ±  409 
8685  ±  22 
747  ±  220 


'LDBM  cells  obtained  from  normal  mice  by  Ficoll  separation 
were  incubated  24  hours  in  the  presence  or  absence  of  the  20 
ng/mL  of  IL-1  or  G-CSF  and  the  indicated  concentrations  of 
dex. 

hBone  marrow  cells  were  treated  for  IL-1  binding  as  described 
in  Materials  and  methods.  The  data  represent  the  mean  ± 
SEM  of  duplicate  determination  of  a  representative  experi¬ 
ment  of  2  experiments.  The  level  of  background  binding  was 
402  ±168  cpm  which  was  subtracted  from  the  total  cpm  to 
give  the  data  shown  here. 


The  RB6-8C5hl  cells  are  enriched  for  the  end  stage  (seg¬ 
mented)  neutrophils  (>75%)  while  the  RB6-8C510  cells  are 
enriched  for  myeloblasts,  promyelocytes  and  myelocytes 
(>80%).  The  RB6-8C510  population  represents  19  to  24%  of 
total  bone  marrow  and  contains  50%  of  CFU-GM  progenitors 
[28].  As  previously  demonstrated  [28],  the  administration  of 
IL-I  to  mice  results  in  a  206%  increase  in  the  RB6-8C510  popu¬ 
lation  and  a  concomitant  41%  loss  of  RB6-8C5hl  (Fig.  6,  Table 
4).  Treatment  of  mice  with  G-CSF  and  dex  induced  a  406% 
increase  in  the  RB6-8C510  immature  myeloiu  population  and 
no  reduction  in  the  RB6-8C5hl  population.  In  comparison, 
dex  and  G-CSF  promoted  a  206%  and  218%  increase  in  RB6- 
8C5'°  population,  respectively,  and  a  137%  increase  and  a 
45%  reduction  in  the  RB68C5hl  population,  respectively. 


Discussion 

We  have  previously  demonstrated  that  injection  of  mice  with 
IL-1  results  in  considerable  upregulation  of  type  II  IL-1R  on 
myeloid-enriched  progenitors  [17].  By  the  administration  of 
antibody  against  type  I  IL-1R  not  present  on  bone  marrow 
progenitors,  we  have  clearly  demonstrated  that  this  upregula¬ 
tion  occurs  through  an  indirect  mechanism.  Administration 
of  IL-1  in  vivo  stimulates  the  hypothalamic-pituitary-adrenal 
axis,  resulting  in  the  production  of  GC  [20]  as  well  as  HGF 
production  by  type  1 1L-1R  expressing  accessory  cells  [29-32], 
Both  GC  and  HGF  are  elevated  rapidly,  with  maximal  levels 
reached  within  2  hours  after  IL-1  administration  [20,29].  GC 
have  been  previously  shown  to  upregulate  IL-1R  on  human 
monocytes  and  B  cells  in  vitro  [21,22]. 

In  this  report,  evidence  is  presented  that  IL-1  -induced 
endogenous  GC  synergize  with  HGF  to  mediate  IL-1  respon¬ 
siveness  on  bone  marrow  cells.  The  injection  of  IL-1  to 
adrena lectom ized  mice  reduced  the  upregulation  of  IL-1  R  by 
53%  compared  with  sham-adrenalectomized  mice.  This 
effect,  which  is  associated  with  diminished  GC  production,  is 
not  due  to  impaired  IL-1 -induced  HGF  production  in  adrena- 
lectomized  animals  (Table  1).  The  concomitant  administra¬ 
tion  of  GC  and  HGF  such  as  G-CSF,  GM-CSF,  IL-3  and  IL-6,  to 
normal  mice  synergistically  increased  functional  IL-1R  on 
bone  marrow  cells.  In  addition,  this  synergy  between  GC  and 
HGF  was  also  seen  in  vitro.  The  observations  concerning  glu- 


%  labeled 

mean  grain  count 

Cell  type 

saline 

G-CSF 
+  Dex 

saline 

G-CSF 
+  Dex 

Blasts/ 
early  cells 

7 

19 

8 

28 

Promyelocytes/ 

myelocytes 

43 

87 

19 

57 

Metamyelocytes 

29 

72 

11 

30 

Later 

neutrophils 

23 

39 

7 

23 

Eosinophils 

13 

13 

7 

8 

Monocyte 

16 

31 

8 

17 

Nucleated 

0 

0 

0 

0 

erythroid 


Data  represent  background-subtracted  grain  count  over  more 
than  20  cells  of  each  type.  The  level  of  background  binding 
of  >5  grains  was  subtracted  from  the  total  grain  count  to  give 
the  data  shown  here. 


cocorticoid  modulation  of  IL-1R  in  vivo  using  adrenalec- 
tomized  mice  and  the  synergy  between  G-CSF  and  dex  are  in 
agreement  with  a  recent  observation  from  Shieh  et  al.  [19], 
While  the  data  indicate  a  role  for  GC  in  IL-1  receptor  regula¬ 
tion,  other  mechanisms  cannot  be  excluded. 

In  addition,  we  found  that  GM-CSF  and  G-CSF  were  equal¬ 
ly  potent  in  synergizing  with  dex  while  IL-6  and  IL-3  were 
approximately  50%  as  potent.  Unlike  IL-1,  HGF  and  GCs  can 
stimulate  IL-1R  expression  on  hematopoietic  cells  in  vitro  [33, 
34].  Whether  this  is  a  direct  effect  must  await  the  results  of 
technically  difficult  binding  and  antibody-blocking  assays  on 
single  cells. 

Because  administration  of  IL-1  rapidly  induces  an  initial 
mobilization  of  neutrophils  from  the  bone  marrow  followed 
by  increased  cycling  of  hematopoietic  progenitor  cells,  result¬ 
ing  in  the  expansion  of  granulocytic  Compartment  in  the 
bone  marrow  [20,23],  we  examined  whether  G-CSF  and  dex 
have  the  same  effect.  Bone  marrow  cells  were  analyzed  by  flu¬ 
orescence-activated  cell  sorting  according  to  the  differential 
expression  of  RB6-8C5  antigen  on  myeloid  cells  [28).  We  had 
previously  shown  that  RB68C5hl  cells  are  enriched  for  the  end 
stage  (segmented)  neutrophils  (>75%)  while  the  RB6-8C510 
cells  are  enriched  for  myeloblasts,  promyelocytes  and  myelo¬ 
cytes  (>80%).  While  the  administration  of  IL-1  to  mice  results 
in  an  206%  increase  in  the  RB6-8C510  population  and  a  con¬ 
comitant  41%  loss  of  RB6-8C5hl,  treatment  of  mice  with  G- 
CSF  and  dex  induced  a  406%  increase  in  the  RB6-8CS10  imma¬ 
ture  myeloid  population  and  no  reduction  in  the  RB6-8C5hi 
population.  In  addition,  autoradiographic  analysis  of  IL-1 
binding  on  bone  marrow  cells  after  G-C5F  and  dex  treatment 
showed  that  while  cells  in  all  stages  of  granulocytic  develop¬ 
ment  had  increased  IL-1  binding,  the  most  dramatic  increase 
in  terms  of  number  of  cells  positive  and  grains  per  cell  were 
the  myelocytes,  promyelocytes  and  metamyelocytes. 


Log  Fluorescence 


Fig.  5.  Autoradiography  of  ,zsI-IL-l-labeled  LDBM  cells  from 
control  and  G-CSF  plus  dex-treated  mice 
Mice  received  a  single  i.p.  injection  of  G-CSF  (5.0  pg)  and  dex 
(50  pg).  After  16  hours,  bone  marrow  cells  were  harvested 
and  radioautography  of  BMC  labeled  with  1ZSI-IL-1.  Emulsion 
films  were  developed  after  4  weeks.  Panels  A,  C  and  D  with¬ 
out  cold  IL-1;  panel  B  with  an  excess  of  cold  1L-1. 


Whether  the  Increased  IL-1R  binding  leads  to  increased  IL-1 
responsiveness  is  being  studied.  Thus,  it  is  shown  that  G-CSF 
and  dex  in  combination  in  vivo  mimic  the  effects  of  IL-1  in 
granulocyte  differentiation. 

In  addition,  we  have  previously  shown  that  an  antibody 
against  type  I  IL-1R  not  expressed  on  neutrophils  blocked 
most  of  the  initial  mobilization  of  neutrophils  together  with 
HGF  production  by  type  I-expressing  stromal  cells  [17,23]. 
This  confirms  that  chemotaetic  response  of  neutrophils  to  IL- 
1  is  indirect,  probably  mediated  through  IL-l-induced  potent 
chemotaetic  cytokines  such  as  IL-8  [35,36].  In  this  report,  we 
show  that  G-CSF  alone  can  mimic  the  extent  of  the  initial 
mobilization  of  bone  marrow  neutrophils  due  to  IL-1  (Fig  6, 
Table  4).  Unlike  IL-1,  G-CSF  Is  directly  chemotaetic  for  neu¬ 
trophils  in  vitro  [37].  It  is  therefore  likely  that  G-CSF  partici¬ 
pates  with  other  cytokines  induced  by  IL-1  in  the  mobiliza¬ 
tion  of  neutrophils  observed  after  IL-1  administration. 

In  general,  the  amplitude  of  the  response  to  IL-1  correlates 
with  cell  surface  receptor  expression.  For  example,  positive 
regulators  such  as  PDGF  increased  the  number  of  IL-1R 
together  with  the  capacity  of  the  cell  to  respond  to  IL-1  [38]. 
In  addition,  treatment  of  hematopoietic  progenitor  cells  with 
negative  regulators  such  as  TGF-fi  blocked  the  ability  of  IL-1 
to  promote  high  proliferative  potential  (HPP)  colony  forma- 


Fig.  6.  Differential  expression  of  RB6-8C5  antigen  on  BM 
cells  from  mice  treated  with  G-CSF  and/or  dexamethasone 
Mice  were  injected  i.p.  with  either  saline,  IL-I  (1.0  pg),  G-CSF 
(5.0  pg)  and/or  dex  (50  pg).  Sixteen  to  18  hours  after  treat¬ 
ment,  BM  cells  were  labeled  in  indirect  immunofluorescence 
assay  by  using  the  MAB  RB6-8C5  as  outlined  in  Materials  and 
methods.  The  cells  were  gated  according  to  fluorescent  inten¬ 
sity  into  8C5"**  (solid  region)  showing  fluorescence  between 
channels  0  and  60,  8C5to  (hatched  region)  between  60  and 
175  and  8C5hl  (open  region)  between  175  and  250.  The  back¬ 
ground  staining  of  the  isotype-matched  control  antibody  was 
less  than  3.5%  for  each  treatment. 


tion  as  well  as  greatly  reduced  the  expression  of  IL-1R  expres¬ 
sion  (39).  Clinically,  increased  IL-1R  expression  has  been 
noted  in  sepsis,  organ  failure  and  acute  disseminated  inflam¬ 
mation  [40].  In  this  report,  concomitant  injection  of  HGF  and 
GC  increased  IL-1R  expression  on  myeloid  cells  in  the  bone 
marrow  with  the  most  increase  seen  on  the  myelocyte  and 
promyelocytes  followed  by  metamyelocytes  and  segmented 
neutrophils.  Such  an  increase  in  IL-1R  on  a  premitotic  popu¬ 
lation  would  serve  to  promote  cellular  differentiation  and/or 
cell  division,  resulting  in  an  amplification  of  granulocyte  dif¬ 
ferentiation.  Therefore,  the  ability  of  IL-1  to  enhance  granu¬ 
lopoiesis  in  normal  [7-11]  as- well  as  in  myelosuppressed  [12- 
16]  mice  may  be  partly  due  to  the  unique  ability  of  IL-1  to 
induce  a  complex  cascade  of  cytokines  and  steroids,  which 
can  then  act  to  regulate  IL-1  receptor  expression. 

In  conclusion,  these  results  provide  new  insights  into  the 
mechanism  of  IL-1  restorative  effects  in  the  marrow.  IL-1 
stimulates  production  of  HGF  and  GC  which  in  turn  upregu- 
late  the  expression  of  IL-1R  and  render  the  cells  more  respon¬ 
sive  to  IL-1.  This  accounts  for  the  initial  burst  of  granu- 
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Table  4.  Flow  cytometric  analysis  of  BM  cells  from  dex-  and 
G-CSF-treated  mice  using  RB6-C  7  5  antibody 

Populations1 * 3 4 5 6 


Treatments1  RB6-8C510  RB6-8C5h' 


Saline 
IL-1 
'  ex 
G-CSF 

G-CSF  +  Dex 


7.7  ±  2.4  (100) 

16.3  ±  4.6  (210) 

15.4  ±5.6  (200) 
23.6  ±  2.2  (306) 
31.3  ±7.4  (406) 


15.8  ±  1.1  (100) 
9.8+  1.3  (62) 

23.3+0.9(147) 

1 1.8  ±  1.6(74) 
18.0  ±601  (114) 


'Mice  were  injected  i.p.  with  either  saline,  maximal  doses  of 
IL-1  (1  ug),  G-CSF  (5  ug)  and/or  dex  (50  ug).  Sixteen  to  18 
hours  after  treatment,  106  BM  cells  were  labeled  in  an  indirect 
immunofluorescence  assay  by  using  the  MAB  RB6-8C5  as 
outlined  in  Materials  and  methods.  Background  staining  of 
the  isotype-matched  control  antibody  was  >3.5%  for  each 
treatment.  Data  represent  mean  ±  SEM  for  2  experiments 
using  pooled  cells  from  3  mice. 

"The  numbers  in  parentheses  represent  the  percent  of  stimu¬ 
lation  and  inhibition  of  controls  (saline-treated).  Using  an 
established  protocol  (28),  8C5"'8  showed  fluorescence 
between  channels  0  and  60,  8C510  between  60  and  175  and 
8C5hl  between  175  and  250. 


lopoiesis  seen  after  administration  of  even  nanogram 
amounts  of  IL-1. 
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INTRODUCTION 

Ionizing  radiation  is  known  to  produce  both  single  and  double-strand  breaks  in  DNA 
(von  Sonntag  et  al.,  1981;  Hutchinson,  1985;  Ward,  1988).  In  aqueous  DNA  solutions, 
radiolysis  of  water  produces  OH  radicals  which  react  with  DNA  bases  and  sugar  residues, 
hydrogen  atom  abstraction  from  the  sugar  moieties  produces  radicals  which  ultimately  give 
rise  to  strand  scission.  In  the  case  of  low  LET  radiation  (e.g.  y-irradiation),  DNA  damage 
caused  by  OH  radicals  generated  in  the  bulk  of  the  aqueous  solution  is  called  the  'indirect 
effect"  (see  for  example,  Skov,  1984;  Achey  and  Durea,  1974;  van  Rijn  et  al.,  1985;  Roots  et 
al.,  1985;  Siddiqi  and  Bothe,  1987;  Schulte-Frohlinde,  1989).  In  the  case  of  high  LET 
radiation,  e.g.  charged  heavy  particles,  a  direct  deposition  of  energy  within  the  DNA 
molecules  is  dominant  in  producing  DNA  damage  by  the  "direct  effect"  (see  Holley  et  al., 
1990,  for  example).  The  formation  of  DNA  strand  breaks,  in  particular  double-strand 
breaks,  are  rather  strongly  correlated  with  ionizing  radiation-induced  cell  killing  (Coquerelle, 
1978;  Elkind.  1985).  Other  harmful  effects  of  ionizing  radiation  (Beebe,  1982),  including 
mutations  (Waters  et  al.,  1991;  Jaberaboansari  et  al.,  1991;  Raha  and  Hutchinson,  1991; 
Geacintov  and  Swenberg,  1992)  have  been  well  documented. 

High  resolution  electrophoretic  gels  (Maxam  and  Gilbert,  1980)  are  ideal  for 
monitoring  the  occurrence  of  DNA  strand  breaks  (Tullius,  1987).  However,  there  are  only  a 
few  reports  on  the  use  of  these  techniques  in  studies  of  radiation  damage  in  DNA  (Henner  et 
al.,  1982,  1983).  In  this  work  we  have  further  explored  the  utility  of  these  electrophoresis 
methods  to  study  the  formation  of  strand  breaks  induced  in  short  deoxyoligonucleotides  (11- 
base  pairs)  in  the  single  and  double-stranded  forms  in  the  presence  and  absence  of  the  known 
radioprotectant  molecule  cysteamine  (van  der  Shans,  1970;  Roots  and  Okada,  1972;  Bird, 
1980;  Ward,  1983;  Held  et  al.,  1984;  Smoluk  et  al.,  1988;  Zheng  et  al.,  1988). 


EXPERIMENTAL  METHODS 

The  deoxyribooligonucleotides  5'-d(CACATGTACAC)  (X)  and  its  complement  5'- 
d(GTGTACATGTG)  (Yjwere  synthesized  by  the  phosphoramidite  method  using  a  Biosearch 
Cyclone  automated  DNA  synthesizer  (Milligen-Biosearch  Corp.,  San  Rafael,  CA)  The 
oligonucleotides  were  purified  by  oligonucleotide  purificaUon  columns  (Applied  Biosystems. 
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Foster  City,  CA),  and  by  HPLC  using  a  Rainin  Dynamax  C4  column  (Rainin  Instrument  Co., 
Woburn,  MA)  using  0.1  M  triethyiamine-acetate/acetonitriie  solvent  mixtures.  The 
oligonucleotide  X  was  labeled  at  the  5'-end  with  [y32p]ATP  purchased  from  New  England 
Nuclear  Corporation  (Boston,  MA)  and  employing  a  T4  polynucleotide  kinase  S'-terminus 
labeling  system  (Bethesda  Research  Laboratories,  Gaithersburg,  MD).  Prior  to  irradiation, 
the  oligonucleotide  was  further  purified  using  a  20%  polyacrylamide  denaturing  (7  M  urea) 
gel  electrophoresis  system  ,  which  was  also  used  in  all  subsequent  experiments  with  DNA 
exposed  to  ionizing  radiation. 

The  duplexes  X:Y  (d(CACATGTACAC)-  d(GTGTACATGTG))  were  formed  by  annealing 
the  two  individual  oligonucleotides  following  standard  procedures  which  involved  heating  a 
stoichiometric  solution  (20  mM  sodium  phosphate  buffer,  pH  7)  of  X  and  Y  to  85  °C  and 
slow  (overnight)  cooling  to  4  °C.  The  formation  of  X:Y  duplexes  was  ascertained  by 
electrophoresis  on  native  20  %  polyacrylamide  gels  (without  urea)  at  4  °C;  the  duplex 
samples  were  characterized  by  bands  which  migrated  significantly  slower  than  the  single- 
stranded  oligonucleotides. 

All  irradiations  were  carried  out  at  4  °C  in  air-saturated  20  mM  sodium  phosphate 
buffer  solutions  at  pH  7.0.  The  single-  or  double-strand  concentrations  were  0.25  and  0.5 
jiM  (expressed  in  terms  of  strand  molarities),  respectively.  The  samples  were  irradiated  with 
either  6°Co  y-radiation  or  neutrons  at  the  Armed  Forces  Radiobiology  Research  Institute  at 
Bethesda,  MD  as  described  elsewhere  in  these  proceedings  (Swenberg  et  al.,  1992). 


RESULTS 

y-Irradiation 

Typical  densitometer  tracings  of  Maxam-Gilbert  gels  are  shown  in  Fig.  1  for  the 
single-strand  X  (2.5  n M  nucleotide  concentration)  for  the  case  of  the  unirradiated  control,  and 
X  exposed  to  100  and  to  200  Gy.  Analogous  results  for  the  double-stranded  X:Y 
oligonucleotides  (5  /<M)  are  shown  in  Fig.  2.  Characteristic  double-maxima  due  to  frank 
strand  breaks  are  observed  in  both  the  single-  and  double-stranded  oligonucleotides,  but  are 
best  defined  in  the  case  of  the  irradiated  duplex  X:Y,  particularly  at  the  higher  dosage  of  200 
Gy.  Besides  the  intense  band  due  to  the  original  1 1-mer  (lowest  mobility  broad  band  on  the 
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left),  eight  other  types  of  fragments,  corresponding  to  10-,  9-,  8-,  7-,  6-,  5-,  4-,  and  3-mers 
are  distinguishable.  The  bands  due  to  the  nucleotide  monomer  and  dimer  fragments  are 
missing,  because  the  mobilities  of  these  fragments  are  so  high  that  they  are  located  beyond  the 
scale  shown  in  Figs.  1-6. 

Each  type  of  fragment  (the  different  fragments  differ  from  one  another  by  the  number 
of  nucleotides)  is  characterized  by  double  bands  in  the  electrophoretic  gels.  The  occurrence  of 
double-bands  for  each  type  of  5'-end-labeled  fragment  has  been  previously  observed  by 
Henner  et  al.  ( 1983)  and  attributed  to  the  occurrence  of  two  types  of  3'-termini;  the  slower 
migrating  fragment  contains  a  3'-phosphoryl  group,  while  the  faster  moving  fragment 
contains  a  glycolate  moiety  attached  to  the  3'-phosphoryl  group  via  the  2"-OH  group  of 
glycolic  acid. 

In  the  case  of  the  irradiated  single-stranded  oligonucleotide  X,  the  maxima  due  to  the 
shorter  fragments  are  superimposed  on  a  background  whose  amplitude  increases  with 
increasing  size  of  the  electrophoresed  fragments.  In  the  case  of  the  y- irradiated  double- 
stranded  X:Y  this  background  appears  to  be  less  pronounced,  and  the  amplitudes  of  the 
bands  due  to  strand  breaks  appear  to  be  greater  (Fig.  2)  than  in  the  single-stranded  case  (Fig. 
1). 

Neutron-irradiation 

In  the  case  of  the  single-strand  oligonucleotide  X,  double-bands  can  be  recognized 
only  in  the  case  of  the  3-mer,  4-mer,  and  5-mer  (Fig.  3).  At  the  higher  dosage,  the  higher 
molecular  weight  bands  tend  to  disappear.  In  the  case  of  the  duplex  (Fig.  4),  bands  due  to  all 
eight  fragments,  together  with  the  faster  moving  phosphate  glycolate  bands,  are  recognizable. 

Estimation  of  fractions  of  damaged  oligonucleotides 

The  fraction  of  damaged  oligonucleotides  was  estimated  by  comparing  the 
radioactivities  in  the  1 1-mer  band,  and  in  all  of  the  shorter  fragment  bands  (including  the 
monomer  and  dimer  bands  not  shown  in  Figs.  1-6).  This  was  accomplished  by  integrating 
the  areas  under  the  densitometer  tracings  and  comparing  the  areas  under  the  1 1-mer  band,  and 
summing  the  areas  under  the  tracings  corresponding  to  all  lower  mobility  fragments 
(including  the  background).  The  area  under  the  intense  1 1-mer  band  was  estimated  by  a  serial 
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dilution  procedure,  thus  producing  bands  of  sufficiently  low  amplitudes  for  densitometric 
analysis.  In  all  cases,  the  fraction  of  damaged  oligonucleotides  estimated  in  this  manner 
varied  from 4-5%. 

Effects  of  the  radioprotectant  cysteamine 

In  the  presence  of  10  mM  cysteamine,  there  is  a  large  reduction  in  strand  break 
formation  in  the  y-irradiated  duplex  X:Y  (Fig.  5)  even  at  the  relatively  high  dosage  of  400 
Gy.  In  the  case  of  neutron  inradiation  (also  at  a  dosage  of  400  Gy),  a  protective  effect  is  also 
observed,  although  it  appears  to  be  less  pronounced  than  in  the  case  of  y-irradiation  (Fig.  6). 

The  protection  factors  (PF)  =  (PFo)/(PFcysl),  defined  here  as  the  ratio  of  areas  under 
the  densitometric  traces  due  to  damaged  fragments  (including  the  background)  in  the  absence 
(PFo)  and  presence  of  cysteamine  (PFeysl),  were  evaluated  for  both  types  of  irradiation.  For 
y-irradiation,  (PF)y=  16,  while  in  the  case  of  neutron  irradiation  this  factor  was  significantly 
smaller  with  (PF)„  *  2.3. 


DISCUSSION 

Single  strand  breaks  and  base/sugar  damage 

Two  kinds  of  radiation  damage  can  be  observed  and  distinguished  with  the  high 
resolution  denaturing  polyacrylamide  gels:  (1)  strand  breaks  which  are  characterized  by  rather 
sharp  bands  due  to  fragments  with  different  numbers  of  nucleotides,  and  (2)  unspecified, 
probably  multiply  damaged  oligonucleotide  fragments  which  give  rise  to  pronounced 
backgrounds  in  the  autoradiograms,  and  the  continuous  background  levels  in  the 
densitometer  tracings.  We  presume  that  this  background,  whose  contribution  rises  with 
increasing  dosage,  is  due  to  modification  of  the  bases  and  to  damaged  sugar  residues  at  the  3'- 
ends  of  the  oligonucleotides.  The  formation  of  multiply  damaged  DNA  fragments  at  the 
dosages  employed  in  this  work  is  consistent  with  quantitative  estimates  made  previously  by 
Ward  and  Kuo  ( 1978).  Multiple  damage  per  oligonucleotide  fragment  is  expected  to  give  rise 
to  a  heterogeneity  of  molecular  weights  and  thus  to  a  broadening  of  each  individual  fragment 
band;  ultimately,  as  the  level  of  damage  is  increased,  the  broadening  should  lead  to  an 


Figure  5.  Densitometer  tracings  of  an  electrophoresis  gel  of  the  duplex  X:  Y  exposed  to  y-irradiatioo  with 
and  without  cysteamine  ( 10  mM). 
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Figure  6.  Densitometer  tracings  of  an  electrophoresis  gd  of  the  duplex  X:  Y  exposed  to  fission  neutron- 
iiradiation  with  and  without  cysteamine  ( 10  mM). 


overlapping  of  the  individual  bands  and  eventually  their  ultimate  disappearance  into  the 
background. 

It  is  evident  from  Figs.  1-4  that  the  amplitudes  of  the  shorter  molecular  weight 
fragments  (e.g.  the  3-mer,  4-mer,  and  5-mer),  after  subtraction  of  the  background,  are  larger 
than  those  of  the  higher  molecular  weight  fragments.  It  thus  appears  that  there  are  more  frank 
strand  breaks  closer  to  the  5'-end  of  X  than  to  the  3'-end.  However,  Henner  et  al.  (1982) 
reported  that  strand  scission  events  in  various  DNA  fragments  12-150  nucleotides  long  occur 
uniformly  at  all  nucleotide  sites.  The  apparent  preference  for  strand  scission  near  the  5'-end 
observed  here  may  involve  factors  other  than  intrinsic  differences  in  the  efficiencies  of  strand 
scission,  as  noted  below. 

The  mechanisms  of  DNA  strand  scission  induced  by  ionizing  radiation  involves 
mainly  hydrogen  abstraction  from  the  sugar  residues  by  OH-  and  other  radicals,  especially  in 
the  case  of  y-irradiation  where  the  indirect  effect  dominates  (Achey  and  Durea.  1974;  von 
Sonntag  et  al.,  1981;  Skov,  1984;  van  Rijn  et  al,,  1985;  Siddiqi  and  Bothe,  1987;  Ward, 
1988;  Schulte-Frohlinde,  1989).  Since  the  irradiations  were  performed  in  the  presence  of 
atmospheric  oxygen,  hydrogen  abstraction  from  the  sugar  moieties,  followed  by  the 
formation  and  decomposition  of  peroxyl  radicals,  results  in  strand  breaks  (von  Sonntag, 
1981;  Liphard  et  al.,  1990).  Each  fragment  formed  may  have  suffered  earlier  base  damage, 
or  may  undergo  further  modification  under  the  action  of  ionizing  radiation.  At  the  relatively 
high  dosages  of  100-200  Gy,  the  higher  the  molecular  weight  of  a  fragment,  the  greater  the 
probability  of  multiply  damaged  sites  on  a  given  fragment  Thus,  the  number  and  distribution 
of  damaged  sites  per  fragment  should  be  greater  the  larger  the  fragment  In  other  words,  the 
heterogeneity  of  multiply  damaged  fragments  should  increase  with  increasing  molecular 
weight  Therefore,  the  gel  bands  associated  with  higher  molecular  weight  fragments  (e.g.  the 
6-mer,  7-mer,  8-mer,  9-mer  and  10-mer  bands  in  Fig.  1  and  Fig.  3)  tend  to  be  less  well 
defined  than  the  three  smaller  3-,  4-,  and  5-mer  fragments.  Also,  with  increasing  dose  and  in 
the  case  of  the  single  stranded  X,  the  bands  due  to  the  higher  molecular  weight  fragments 
appear  to  merge  into  the  background,  an  effect  which  is  consistent  with  the  model  proposed 
here. 
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Patterns  of  damage  in  single*  and  double-stranded  DNA  fragments 

There  is  a  significant  difference  in  the  gel  electrophoresis  patterns  of  the  single- 
stranded  and  double-stranded  DNA  subjected  to  -/-irradiation.  In  the  single-stranded  case, 
the  background  due  to  modified  DNA  is  significantly  more  pronounced  than  in  the  case  of  the 
duplex.  However,  the  occurrence  of  well  defined  bands  due  to  fragments  differing  from  one 
another  by  one  nucleotide,  appears  to  be  greater  for  irradiated  duplexes  than  for  irradiated 
single  strands.  These  observations  are  consistent  with  the  notion  that  bases  are  more 
susceptible  to  attack  by  OH-  radicals  in  the  single-  rather  than  in  the  double-stranded  forms 
(Ward  and  Kuo,  1978).  In  single-stranded  DNA,  the  number  of  OH-  radicals  reacting  with 
the  bases  is  7-10  greater  than  the  number  reacting  with  the  sugars  (as  measured  by  strand 
scission),  whereas  in  double-stranded  DNA  this  ratio  of  base  damage/sugar  damage  is 
between  2.8  and  4  (Ward,  1988).  As  discussed  above,  base  damage  is  expected  to 
significantly  contribute  to  the  observed  heterogeneous  distributions  of  molecular  weights,  and 
thus  to  the  background  in  the  densitometer  traces.  Since  damage  to  the  sugar  moieties  leads 
to  strand  scission,  and  such  damage  is  more  pronounced  in  duplexes  than  in  single-stranded 
DNA  (Ward  and  Kuo,  1978),  the  bands  due  to  strand  scission  are  more  prominent  in  the 
electrophoretic  gels  of  y-irradiated  duplex  DNA  than  for  single-stranded  DNA. 


Effects  of  y*  and  neutron  irradiation 

For  low  LET  y-irradiation,  DNA  damage  occurs  primarily  via  the  indirect  effect.  In 
the  case  of  fission  neutrons,  damage  primarily  results  from  high  energy  recoil  protons  (Watt, 
1988).  Strand  scission  in  the  indirect  mechanism  is  more  likely  in  duplex  DNA  than  in  single- 
stranded  DNA,  whereas  for  the  direct  mechanism,  strand  scission  in  single-stranded  and 
double-stranded  DNA  is  expected  to  be  comparable.  Recently,  Spotheim-Morizot  et  al. 
(1990)  have  suggested  that  single-strand  breaks  induced  in  superseded  DNA  irradiated  with 
fission  neutrons  are  caused  primarily  by  OH-  radicals.  Our  results  are  consistent  with  this 
view  as  there  are  no  discernible  differences  in  the  electrophoresis  patterns  of  either  single-  or 
double-stranded  DNA  exposed  to  either  y-  or  neutron  irradiation  (Figs.  1-4)  and  the  fractions 
of  damaged  oligonucleotides  (4  -  5%)  are  similar  in  both  cases. 


Effects  of  the  radioprotective  agent  cysteamine 

Cysteamine,  has  an  electrical  charge  of  +1  at  pH  7.0,  and  binds  to  the  negatively 
charged  DNA  polyion,  thus  providing  a  significant  degree  of  protection  against  damage 
produced  by  OH  radicals  and  strand  scission  (Roots  and  Okada,  1972;  Smoluk  et  al.,  1988; 
Zheng  etal.,  1988;  Spotheim-Morizot  et  al.,  1991).  The  diffusion  length  of  OH  radicals  is 
about  60  A  (Roots  and  Okada,  1975)  and  thus  radical  scavenging  by  thiols  in  the  bulk 
solution  constitutes  an  important  radioprotection  mechanism  (Swenberg.  1988);  in  addition, 
thiols  can  interact  directly  with  radicals  on  the  DNA  molecules  by  proton  transfer,  thus  further 
reducing  DNA  damage.  In  aerated  solutions,  the  protective  effect  of  the  endogeneous  thiol, 
glutathione  (GSH),  results  predominantly  from  the  scavenging  of  radicals;  strand  breaks  are 
caused  by  the  decay  of  DNA  peroxyl  radicals  and  these  apparently  do  not  significantly  react 
with  GSH  (Liphard  et  al.,  1990). 

Cysteamine  causes  a  dramatic  reduction  of  strand  scission  in  the  duplex  X:Y  exposed 
toy-iiradiation  (Fig.  5);  at  a  10  mM  cysteamine  concentration,  the  protection  factor  (PF)y* 
16.  Similar  effects  were  observed  in  the  case  of  plasmid  DNA  by  Roots  and  Okada  ( 1972) 
and  by  Spotheim-Morizot  et  al.  (1991).  These  results  are  in  accord  with  the  dominance  of  the 
indirect  effect  and  the  role  of  OH  radicals  in  causing  DNA  damage  by  the  low  LET  y- 
irradiation.  For  fission  neutron  irradiation,  there  is  also  a  marked  reduction  in  DNA  damage 
in  the  presence  of  cysteamine  (Fig.  6),  although  the  protection  factor  (PF)„  is  only  2.3, 
considerably  smaller  than  in  the  case  of  y-irradiation.  These  observations  suggest  that  a 
fraction  of  strand  breaks  induced  by  neutron  irradiation  are  produced  by  mechanisms 
different  from  those  operative  for  low  LET  irradiation.  These  mechanisms  probably  involve 
the  direct  formation  of  DNA  radicals  by  recoil  protons,  a-particles,  etc.  (Spotheim-Morizot  et 
al.,  1991). 
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SUMMARY  AND  CONCLUSION 


The  polyacrylamide  high  resolution  gel  system  is  suitable  for  quantitatively 
determining  the  occurrence  of  strand  breaks  in  oligonucleotides.  The  apparent  base-sequence 
effects  observed  here  in  oligonucleotides  exposed  to  y-  and  fission  neutron  irradiation  seems 
to  be  related  to  the  lengths  of  the  fragments  generated  by  strand  scission,  rather  than  to 
different  probabilities  of  breaks  occurring  at  different  sites  within  the  oligonucleotide.  The 
heterogeneous  distributions  of  molecular  weight  of  the  degradation  products  (fragments  of 
reduced  chain  length)  is  attributed  to  multiple  base-damage.  High  resolution  gel  methods 
allow  for  quantitative  estimates  of  radioptotection  factors.  These  techniques  can  also  be  used 
for  evaluating  the  sequence-dependence  of  strand-breaks  in  DNA  with  unusual  tertiary 
structures,  or  with  DNA  complexed  with  proteins. 
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ABSTRACT 

Spatial  patterns  of  energy  deposition  on  the  nanometer  scale  are  currently  believed  to 
be  a  major  factor  in  determining  the  biological  effectiveness  of  ionizing  radiation.  If  the  most 
common  precursors  of  biologically  significant  lesions  are  clusters  of  ionization  in  or  near 
DNA,  then  intramolecular  energy  and  charge  transfer  along  DNA  chains  could  be  very 
important  in  lesion  development.  This  paper  describes  investigations  of  these  phenomena 
through  model  calculations  and  measurements  of  radical  yields  in  oriented  DNA  exposed  to 
proton  irradiation. 


INTRODUCTION 

The  idea  that  the  critical  lesions  in  radiation  biology  result  from  clustering  of 
ionizations  on  a  nanometer  scale  can  be  traced  to  the  early  work  of  Lea  (1947),  Howard- 
Flanders  (1958),  and  Barendsen  ( 1964).  More  recent  support  for  this  model  of  the  biological 
effects  of  ionizing  radiation  comes  from  the  analysis  of  cell  killing  by  radiations  with  different 
linear-energy- transfer  (LET)  based  on  computer  simulations  of  track  structure  in  water 
(Goodhead,  1987).  Although  these  biophysical  models  ignore  the  complexity  of  the  cellular 
medium  and  the  macromolecular  structures  that  regulate  its  function,  their  basic  conclusion 
can  be  rationalized  by  the  high  scavenging  capacity  of  the  chemical  environment  of  DNA 
(Roots  and  Okada,  1975)  and  the  efficiency  of  repair  of  minor  perturbations  of  DNA  structure 
(Doetsch  and  Cunningham,  1990). 

From  arguments  of  this  type,  one  concludes  that  the  most  common  precursor  of 
cytotoxic  and  mutagenic  effects  from  radiation  exposure  is  a  cluster  of  ionization  in  or,  at 
least,  very  near  to  the  DNA  molecule.  The  involvement  of  macromolecules  in  the  early  stages 
of  lesion  production  opens  the  possibility  of  intramolecular  energy  and  charge  transfer 
following  excitation  or  ionization  by  the  radiation  field.  These  processes  acting  in  the 
presence  of  traps  for  energy  and  charge  provide  a  mechanism  for  concentrating  energy 
deposited  in  macromolecular  systems  that  is  independent  of  stochastic  processes  in  the 
slowing  down  of  charged  particles.  Conversely,  energy  and  charge  transfer  along  DNA 
chains  may  dissipate  clusters  of  excitation  and  ionization  before  biologically  significant 
lesions  are  formed.  In  general,  the  existence  of  energy  and  charge  migration  in 
macromolecules  tends  to  decouple  lesion  production  from  the  stochastics  of  energy  deposition 
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just  as  ordinary  diffusion  tends  to  decouple  radiation  chemistry  on  a  long  time  scale  from 
track  effects  in  the  radiolysis  of  homogeneous  solutions  of  small  molecules. 

Recent  findings  at  several  laboratories  have  raised  questions  about  the  assumption  that 
radiation-induced  DNA  damage  remains  localized  on  the  nanometer  scale  during  lesion 
formation.  Observations  by  Arroyo  et  al.  (1986)  that  the  yield  of  neutron-induced  free 
radicals  in  oriented  DNA  fibers  was  dependent  on  the  orientation  of  the  sample  relative  to  the 
neutron  flux  were  attributed  to  energy  transfer  between  stacked  DNA  bases.  Al-Kazwini  et 
al.  ( 1990)  presented  evidence  that  electrons  can  move  along  DNA  chains  for  distances  up  to 
about  100  base  pairs.  Data  obtained  by  van  Lith  et  al.  (1986)  on  microwave  conductivity  in 
pulsed  radiolysis  suggest  that  excess  electrons  in  frozen  DNA  solutions  can  migrate  for 
distances  of  the  order  of  100  nm  in  the  structured  water  layers  around  macromolecular  chains. 

Simultaneous  with  these  experimental  results,  there  has  been  a  renewed  interest  in 
nonlinear  modes  of  vibrational  excitation  in  DNA  called  solitons  (Baverstock  and  Cundall, 
1988).  Several  models  for  solitary  waves  in  DNA  have  been  proposed  (Englander  et  al., 
1980;  Yomosa,  1984;  Takeno  and  Homma,  1987;  Zhang,  1987,  Muto  et  al.,  1988).  In 
Yomosa's  model,  about  0.4  eV  of  vibrational  energy  is  transported  along  DNA  at  a  rate  of 
about  100  nm/ns  as  a  disruption  of  hydrogen  bonds  between  complementary  bases.  The 
broad  spectrum  of  excitation  associated  with  the  absorption  of  energy  from  ionizing  radiation 
in  biological  systems  (Bedndr,  1985)  should  provide  ample  opportunity  to  overcome  the 
energy  threshold  required  to  initiate  nonlinear  phenomena  like  solitons  (van  Zandt,  1989). 

The  first  section  of  this  paper  discusses  models  for  the  effects  of  energy  and  charge 
transfer  on  free-radical  yields  in  oriented  DNA  samples  exposed  to  direct  proton-beam 
irradiation.  Experiments  designed  to  detect  an  orientation  dependence  of  radical  yields  from 
proton  irradiation  of  oriented  DNA  are  described  in  the  second  section.  Our  conclusions  are 
presented  in  the  final  section. 


MODELING  RADICAL  YIELDS  IN  PROTON  IRRADIATION  OF  ORIENTED 
DNA 


We  have  investigated  (Miller  etal.,  1988;  Miller  and  Swenberg,  1990)  mechanisms 
for  the  observation  by  Arroyo  et  al.  (1986)  that  DNA  base  radicals  induced  by  neutrons  are 
dependent  on  the  orientation  of  DNA  fibers  relative  to  the  neutron  flux.  Monte  Carlo  codes 
developed  by  Wilson  and  Raretzke  (1981)  and  scoring  algorithms  contributed  by  Charlton 
(1985)  were  used  to  model  energy  deposition  in  oriented  DNA  under  direct  proton-beam 
irradiation.  Table  I  summarizes  our  results  for  a  1  MeV  proton  flux  incident  on  an  oriented 
DNA  sample  either  parallel  or  perpendicular  to  the  fiber  direction.  Although  the  average 
amount  of  energy  deposited  in  the  parallel  case  is  5  times  greater  than  in  the  perpendicular 
case,  the  average  separation  between  the  excitations  or  ionizations  in  the  same  DNA  chain  is 
about  100  times  greater  in  the  parallel  case.  The  pattern  of  deposition  in  the  parallel  case  is 
also  more  sensitive  to  uncertainty  in  the  fiber  orientation  relative  to  the  proton  beam. 

If  the  pattern  of  energy  deposition  events  along  a  DNA  chain  in  the  parallel  case  is  as 
diffuse  as  these  model  calculations  suggests,  then  only  long-range  modes  of  intramolecular 
energy  or  charge  transfer  could  couple  the  excitations  and  ionization  in  the  molecule  in  ways 


Table  1.  Energy  Deposition  in  Oriented  DNA  by  1  MeV  Protons 


Orientation 

Energy  Deposited  (eV) 

Event  Separation  (nm) 

0» 

293 

224 

0*  ±  10* 

150 

47 

90» 

62 

2 

90*  +  10* 

62 

2 
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Figure  1 .  Decay  Modes  of  Energy  Absorbed  in  Solid  DNA  Samples 


that  would  make  the  yield  of  free  radicals  orientation  dependent.  For  example,  recent  work 
by  Georghiou  ( 1990)  indicates  that  singlet  excitations  of  bases  in  calf  thymus  DNA  at  room 
temperature  move  only  1  or  2  base  pairs  before  they  are  irreversible  trapped.  Clearly,  this 
type  of  excitation  has  a  low  probability  of  interacting  with  other  energy  deposition  events  in 
same  DNA  chain  and  should  have  equivalent  effects  in  both  irradiation  geometries. 

Energy  absorbed  from  ionizing  radiation  in  oriented  DNA  fibers  should  produce 
modes  of  excitation  that  are  considerably  more  mobile  than  singlet  excitons  (Al-Kazwim  et 
al.,  1990;  van  Lithet  al„  1986;  Yomosa,  1984).  Figure  1  illustrates  a  mechanism  by  which 
solitons  might  influence  free-radical  yields  when  DNA  at  77®  K  is  exposed  to  a  proton  beam 
parallel  to  the  molecular  orientation.  The  interaction  of  DNA  with  protons  and  secondary 
electrons  produces  highly  excited  electronic  states  that  decay  primarily  through  formation  of 
electron-hole  pairs.  Usually  this  decay  is  accompanied  by  some  conversion  of  electronic  to 
vibrational  energy.  Sufficiently  large  vibrational  excitations  in  DNA  can  be  self  cohering  (van 
Zandt,  1989).  Recent  work  by  Bernhard  ( 1989)  suggests  that  excess  electrons  are  trapped  on 
cytosine  by  reversible  proton  transfer  from  guanine.  If  many  super-excited  states  are 
produced  in  the  same  DNA  chain  by  a  proton  flux  that  is  parallel  to  the  molecular  orientation, 
then  the  probability  of  interaction  between  trapped  electrons  and  solitons  increases.  This 
interaction  may  induce  electron  transfer  to  thymine  where  TH  is  formed  by  irreversible 
protonation  at  C6. 


DNA  FBER  ORENTAHON 


Figure  2.  Schematic  of  Electron-hole  Recombination  in  Oriented  DNA  Exposed  lo  a  Proton  Flux  that  it 
Parallel  to  the  DNA  Fibers 
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The  model  illustrated  in  figure  1  neglects  the  mobility  of  electrons  ejected  in  the  decay 
of  super-excited  states  by  ion-pair  formation.  The  high  mobility  and  long  lifetime  of  excess 
electrons  in  the  hydration  layers  of  DNA  (van  Lith  et  al.,  1SW36)  could  also  contribute  to 
orientation  effects  in  DNA  damage  by  proton  irradiation.  This  mechanism  is  illustrated  in 
figure  2,  where  the  dashed  lines  represent  trajectories  of  ejected  electrons  that  move  primarily 
in  hydration  layers  around  DNA  but  occasionally  are  scattered  between  DNA  chains.  The 
squares  represent  fiber  defects  that  mainly  determine  the  mean  free  path  of  excess  electrons 
when  the  sample  is  exposed  to  low  LET  radiation  or  protons  perpendicular  to  the  fiber 
orientation.  However,  when  proton  tracks  are  parallel  to  the  fiber  direction,  many  positive 
ions  lie  in  the  high-mobility  path  of  excess  electrons.  This  increases  the  probability  of 
electron-hole  recombination  and  could  reduce  the  yield  of  primary  radical  anions  and  cation  in 
the  parallel  case. 


EXPERIMENTS  WITH  PROTON  IRRADIATION  OF  ORIENTED  DNA 

Preparation  of  oriented  DNA  samples  (Rupprecht,  1966)  to  look  for  effects  like  those 
illustrated  in  figures  1  and  2  involves  wet  spinning  of  high  molecular  weight  DNA  into  fibers 
that  are  wound  on  a  spool  to  form  a  thin  sheet  of  oriented  DNA.  Samples  for  perpendicular 


Figure  3.  EPR  Spectra  of  Oriented  DNA  Exposed  to  y-nyt  (A)  and  Protons  Perpendicular  (B)  or  Parallel  (Q 
to  die  DNA  Fibers. 
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irradiation  were  made  by  pressing  together  a  sufficient  number  of  sheets  to  give  a  thickness 
greater  than  the  range  of  a  4  MeV  proton,  which  is  about  0.5  mm.  Samples  for  parallel 
irradiation  were  sliced  from  a  block  of  oriented  DNA  that  had  a  thickness  slightly  less  than  the 
3  mm  inside  diameter  of  quartz  tubes  used  to  transfer  irradiated  samples  to  the  electron 
paramagnetic  resonance  (EPR)  spectrometer.  All  samples  were  approximately  1  cm  long  and 
weighed  about  15  mg. 

For  irradiation,  the  samples  were  placed  on  a  copper  block  in  contact  with  a  reservoir 
of  liquid  nitrogen  and  held  in  place  by  a  thin  polyester  film.  After  cooling  to  77°  K,  the 
sample  was  placed  in  a  vacuum  chamber  attached  to  the  beam  line  of  the  accelerator.  Samples 
were  exposed  to  graded  doses  of  4  MeV  protons  in  the  range  of  20  to  60  kGy.  The  dose  rate 
of  2.5  kGy/min  was  less  than  the  value  of  10  kGy/min  recommended  by  Henriksen  and 
Snipes  (1970)  to  avoid  sample  heating.  After  irradiation,  the  samples  were  removed  from  the 
vacuum  chamber  and  transferred  to  a  precooled  EPR  tube.  During  this  transfer,  the  sample 
lost  contact  with  liquid-nitrogen  cooled  surfaces  for  less  than  one  second  as  it  fell  through  a 
funnel  into  the  EPR  tube.  Several  samples  were  exposed  to  y-rays  for  comparison  with 
published  data  (Graslund  et  al.,  1971)  and  the  results  of  proton  irradiation.  In  this  case  the 
sample  could  be  sealed  into  an  EPR  tube  before  irradiation  due  to  the  penetrating  power  of  the 
radiation. 

The  EPR  spectra  shown  in  figures  3A-3C  were  observed  after  4  kGy  of  y-rays,  56 
kGy  of  protons  incident  perpendicular  to  the  fiber  orientation,  and  48  kGy  of  protons  parallel 
to  the  DNA  chains,  respectively.  All  three  spectra  are  composed  of  a  central  line  that  we 
associate  with  primary  radical  anion  and  cation  species  with  varying  amounts  of  modulation  in 
the  wings  resulting  from  TH-  production.  The  greater  amount  of  TH-  observed  with  proton 
irradiation  is  not  likely  to  be  due  to  sample  wanning  during  the  transfer  from  the  proton  beam 
line  to  the  EPR  spectrometer  because  the  irradiated  samples  were  kept  in  contact  with  liquid 
nitrogen  cooled  surfaces  and  the  magnitude  of  the  central  line  relative  to  the  structure  in  the 
wings  did  not  change  as  a  function  of  proton  dose.  The  greater  proportion  of  TH  with 
proton  inadiation  may  be  due  to  the  higher  dose  required  to  detect  radicals  since  the  total 
radical  yield  per  unit  of  dose  was  more  than  an  order  of  magnitude  lower  for  protons  than  for 
Y-rays;  however,  the  shape  of  the  EPR  spectrum  did  not  change  significantly  with  proton  dose 
m  the  range  investigated.  The  recommendation  of  Henriksen  and  Snipes  ( 1970)  regarding  the 
dose  rate  was  based  on  their  experience  with  6.5  MeV  electrons  which  may  not  apply  to 
proton  irradiation;  hence,  the  higher  yield  of  TH-  that  we  observed  with  protons  may  have 
resulted  from  sample  heating  due  to  a  dose  rate  that  was  too  large. 

Unlike  the  results  reported  for  neutrons  (Arroyo  et  al.,  1986),  EPR  spectra  of  radicals 
produced  by  direct  proton  irradiation  of  oriented  DNA  in  parallel  and  perpendicular 
geometries  were  not  significantly  different  Figure  4  shows  that  within  experimental  error, 
total  radical  yields  were  also  independent  of  the  orientation  of  DNA  fibers  relative  to  the 
proton  flux.  To  obtain  these  results,  differential  EPR  spectra  were  recorded  digitally  and 


Figure  4.  Total  Radical  Yield*  m  Parallel  (•)  and  Perpendicular  (tt  Proton  Irradiation  of  Oriented  DNA  at  77* 
K 
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double  integrated  to  give  the  area  under  the  absorption  lines.  This  area  was  converted  to 
number  of  spins  by  comparison  with  a  standard  sample  of  2,2  diphenyl-  1-picrylhydrazyl 
(DPPH)  dissolved  in  paraffin. 


CONCLUSIONS 

We  did  not  find  any  evidence  fa-  long-range  energy  or  charge  transfer  in  DNA  from 
experiments  in  which  onented  DNA  was  exposed  to  direct  proton-beam  irradiation.  This  may 
be  due  to  the  high  doses  and  dose  rates  used  in  our  experiments.  The  dose  and  dose  rate 
could  be  reduced  by  redesigning  the  sample  holder  and  transfer  system  to  avoid  the  limitations 
on  sample  size  imposed  by  the  present  system.  Experiments  with  larger  samples,  higher 
proton  energies  for  greater  penetration,  and  improved  EPR  detection  sensitivity  might  reveal 
orientation  effects  that  are  not  present  in  our  data  due  to  sample  heating  or  other  processes  that 
destroy  free  radicals  at  high  exposure  levels  (Bernhard,  1981). 
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Abstract.  S-2-(3-Methylaminopropylamino)ethylpho«phorothioic  acid  (WR-3689)  is  a  ra¬ 
dioprotective  agent  that  is  behaviorally  toxic  at  radioprotective  doses.  It  was  recently 
reported  that  the  combination  of  WR-3689  and  caffeine  ameliorated  behavioral  toxicity 
(determined  by  locomotor  activity  in  mice)  compared  with  WR-3689  alone.  Since  cate¬ 
cholamines  can  modulate  locomotor  activity,  we  determined  norepinephrine  (NE)  and 
dopamine  (DA)  content  (using  high-performance  liquid  chromatography)  in  the  hypo¬ 
thalamus  of  mice  after  treatment  with  WR-3689,  caffeine,  and  the  combination  of  the 
two  drugs.  CD2F1  male  mice  were  injected  irrtra peril oneally  with  saline  (control),  WR- 
3689  (100  and  200  mg/kg),  caffeine  (20  and  40  mg/kg),  or  the  combination  of  WR-3689 
(200  mg/kg)  and  caffeine  (40  mg/kg).  Control  values  for  NE  and  DA  ranged  between 
200  and  220  pg/mg  and  69  and  94  pg/mg  of  hypothalamic  tissue,  respectively.  WR- 
3689  had  no  effect  on  the  content  of  NE  and  DA.  In  contrast,  NE  increased  to  (mean  ± 
SE)  324  ±  27  pg/mg  and  377  ±  61  pg/mg  (P  <  0.05)  4  hr  after  injections  of  20  and  40 
mg/kg  of  caffeine,  respectively.  Similarly,  OA  increased  to  142  ±  13  pg/mg  (P  <  0.05)  4 
hr  after  injection  of  40  mg/kg  of  caffeine.  The  combination  of  WR-3689  and  caffeine  had 
no  effect  on  NE  and  DA  contents  when  compared  with  control  values.  These  results 
suggest  that  WR-3689  can  affect  catecholamine  metabolism  in  the  mouse  hypothalamus, 
but  the  mode  of  action  is  not  dear.  (P.S.E.B  m  1993.  Voi  203) 


Phosphorothioates  are  effective  radioprotectors  ( 1 ). 
When  these  drugs  are  administered  to  laboratory 
rodents,  the  LD50/jo  of  -/-irradiation  is  increased 
considerably.  When  given  in  doses  that  are  efficacious 
against  radiation,  these  drugs  are  also  behaviorally 
toxic.  One  such  compound,  5-2-(3-aminopropyla- 
mino)ethylphosphorothioic  acid  (WR-2721),  is  known 
to  affect  behavior  in  a  number  of  species,  including 
mice,  rats,  monkeys,  and  humans  (2).  When  mice  are 
treated  with  WR-2721,  a  significant  decrement  in  lo- 
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comotor  activity  is  observed  (3).  WR-2721  impairs  the 
ability  of  rats  to  maintain  balance  on  an  accelerod  (4) 
and  of  monkeys  to  visually  discriminate  between  tasks 
(5).  In  humans,  common  side  effects  of  WR-2721  in¬ 
clude  nausea  and  vomiting,  hypotension,  hypocal¬ 
cemia,  and  mild  somnolence  (6-8).  Due  to  the  nature 
of  these  toxic  effects,  there  is  reason  to  suspect  that 
phosphorothioate-induced  behavioral  toxicity  is  de¬ 
rived  from  an  imbalance  in  the  central  nervous  system 
(CNS). 

In  clinical  applications,  the  toxic  side  effects  of 
phosphorothioates  can  be  controlled.  If  these  radiopro¬ 
tectants  are  to  be  used  during  space  explorations,  nu¬ 
clear  accidents,  or  when  individuals  must  venture  into 
radiologically  hazardous  environments,  the  toxic  side 
effects  of  these  drugs,  particularly  performance  decre¬ 
ment,  cannot  be  tolerated.  If  the  side  effects  of  phos¬ 
phorothioates  are  eliminated  without  compromising 
radioprotection,  these  compounds  could  be  used  effec- 
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tively  against  the  damaging  effects  of  radiation  in  these 
scenarios  (9). 

Several  analogs  of  WR-272 1  have  been  synthesized 
and  tested  for  radioprotection  (10).  Among  these  ana¬ 
logs,  S-2-(3-methylaminopropylamino)ethylphosphoro- 
thioic  acid  (WR-3689),  a  methylated  derivative  of  WR- 
272 1,  proved  to  be  less  toxic  and  clearly  superior  in 
some  respects  than  WR-272 1  (11).  Studies  reported  in 
this  paper  were  done  using  WR-3689. 

In  a  recent  study  (12).  the  methylxanthine  caffeine 
was  administered  to  mice  in  combination  with  WR- 
3689  in  an  attempt  to  reduce  its  behavioral  toxicity. 
The  study  indicated  that  the  combination  of  WR-3689 
and  caffeine  abolishes  the  decrement  in  locomotor  ac¬ 
tivity  normally  observed  in  mice  when  WR-3689  is 
given  alone.  In  addition,  caffeine  does  not  appear  to 
alter  the  radioprotective  efficacy  of  WR-3689  (13).  Al¬ 
though  the  locomotor  activity  test  is  a  better  indicator 
of  the  tendency  to  perform,  rather  than  the  capacity  to 
perform,  it  is  still  possible  that  the  locomotor  decrement 
produced  by  WR-3689  is  a  result  of  adverse  alterations 
in  the  metabolism  of  neurotransmitters  in  the  CNS. 
The  catecholamines,  in  particular  norepinephrine  (NE) 
and  dopamine  (DA),  are  important  neurotransmitters 
involved  in  the  modulation  of  locomotor  activity  (14). 
Investigating  the  effects  of  phosphorothioates  on  cate¬ 
cholamines  in  the  brain  may  provide  a  neurochemical 
basis  for  the  phosphorothioate-induced  decrement  in 
locomotor  activity. 

The  methylxanthines  are  potent  stimulators  of  the 
CNS  (15)  and  are  known  to  affect  catecholaminergic 
activity,  but  the  mechanisms  behind  these  effects  are 
controversial  and  complicated.  In  the  past,  investigators 
have  reported  no  changes  (16-21),  increases  (17,  22, 
23).  and  decreases  ( 16)  in  absolute  catecholamine  levels 
in  the  brain  after  treatment  with  caffeine.  Catecholam¬ 
ine  turnover  studies  reveal  similar  ambiguities.  There 
are  reports  indicating  no  changes  (21),  increases  (17, 
24-26),  and  decreases  ( 1 7)  in  turnover  in  the  brain. 

The  aim  of  the  present  study  was  to  determine  the 
effects  of  phosphorothioates  and  methylxanthines  on 
the  catecholaminergic  system  within  the  CNS.  The 
content  of  NE  and  DA  was  assayed  in  mouse  hypo¬ 
thalamus  after  treatment  with  WR-3689,  caffeine,  and 
the  combination  of  the  two  drugs.  The  results  of  this 
study  will  help  elucidate  mechanisms  involved  in  WR- 
3689-  and/or  caffeine-induced  alterations  of  cat¬ 
echolamine  metabolism  as  well  as  mechanisms  in¬ 
volved  in  WR-3689-induced  behavioral  toxicity. 

Materials  and  Methods 

Animals.  Male  CD2F1  mice,  8-10  weeks  old,  were 
purchased  from  Charles  River  Laboratories  (Boston, 
MA)  and  were  housed  five  per  cage  in  an  air-condi¬ 
tioned  (21  ±  l*C  and  50  ±  10%  relative  humidity), 
light-controlled  (lights  on  from  0600  to  1 800  hr)  Amer¬ 


ican  Association  for  Accreditation  of  Laboratory  Ani¬ 
mal  Care-accredited  facility.  The  mice  were  provided 
with  food  and  water  ad  libitum  and  were  maintained 
for  at  least  2  weeks  before  use  in  the  experiments. 

Drugs.  WR-3689  was  obtained  from  the  Drug  Syn¬ 
thesis  and  Chemistry  Branch,  Division  of  Cancer  Treat¬ 
ment.  National  Cancer  Institute  (Bethesda,  MD)  and 
anhydrous  caffeine  was  obtained  from  Sigma  Chemical 
Co.  (St.  Louis.  MO). 

Experimental  Procedure.  On  the  eve  of  experi¬ 
mentation.  six  groups  of  mice  (five  mice/group)  were 
transferred  to  a  nearby  room  to  acclimatize  them  to 
new  surroundings.  At  0830  hr  the  following  morning, 
intraperitoneal  injections  of  neutralized  saline  (control: 
Group  1).  WR-3689  (100  and  200  mg/kg;  Groups  2 
and  3).  caffeine  (20  and  40  mg/kg:  Groups  4  and  5). 
and  the  combination  of  WR-3689  (200  mg/kg)  and 
caffeine  (40  mg/kg)  (Group  6)  were  administered.  One 
mouse  from  each  group  was  sacrificed  by  quick  cervical 
dislocation  at  the  time  of  injection  and  the  other  four 
mice  from  each  group  were  sacrificed  at  1.2,  4,  and  8 
hr  after  injection.  Immediately  after  sacrifice,  the  hy¬ 
pothalamus  was  removed,  weighed,  and  placed  in  200 
ix  1  of  0.05  M  HCI04.  The  tissue  was  then  sonicated  (30 
sec)  and  centrifuged  in  an  Eppendorf  microcentrifuge 
(3  min).  The  supernatant  was  stored  at  -80°C  until  the 
time  of  catecholamine  analysis.  The  experiment  was 
repeated  eight  times  (n  =  8  for  each  time  point  within 
each  treatment  group). 

Analysis.  Catecholamine  concentrations  were 
determined  using  high-performance  liquid  chromatog¬ 
raphy  with  electrochemical  detection  (Bioanalytical 
Systems,  West  Lafayette.  IN)  (27.  28).  The  high-per¬ 
formance  liquid  chromatography  system  incorporated 
an  LC-4B  electrochemical  detector:  a  10-cm.  phase  II. 
3-^m  octadecasilane  reversed-phase  column;  and  a 
glassy  carbon  working  electrode.  The  mobile  phase  (pH 
3. 1 )  was  made  with  degassed  pyrogen-free  water  filtered 
through  a  Milli-Q  purification  system  (Milipore  Co- 
Bedford,  MA)  and  included  monochloroacetic  acid 
(14.15  g/liter),  sodium  hydroxide  (4.675  g/liter),  diso¬ 
dium  EDTA  (150  mg/liter),  octanesulfonic  acid  (300 
mg/liter)  as  the  ion-pairing  agent,  and  3.5%  acetoni¬ 
trile.  The  mobile  phase  was  pumped  through  the  system 
by  a  Beckman  (Fullerton.  CA)  112  solvent  delivery 
module  at  a  flow  rate  of  1.7  ml/min.  The  sensitivity  of 
the  detector  was  2  nA  full  scale.  The  potential  of  the 
working  electrode  was  0.80  V  with  respect  to  a  Ag / 
AgCl  reference  electrode.  Standard  and  sample  injec¬ 
tions  were  made  by  a  Rheodyne  (Cotati.  CA)  7125 
syringe-loading  injection  valve.  Standards  for  the  cat¬ 
echolamine  assays  contained  600  pg  of  NE.  DA,  and 
isoproterenol  per  50  pi  of  0.05  M  HC1CV  Isoproterenol 
served  as  the  internal  standard.  Samples  for  the  cat¬ 
echolamine  assay  contained  20  ftl  of  homogenate  and 
30  pi  of  0.05  M  HCIO4  containing  600  pg  of  isoproter- 
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enol.  Injection  volume  was  25  n\  for  both  standards 
and  samples. 

Statistics.  Data  were  collected  with  the  use  of  a 
Shimadzu  CR-4A  Chromatopac  (Columbia,  MD). 
Mean  values  (±SE)  are  expressed  as  pg/mg  wet  wt  of 
hypothalamic  tissue.  Comparisons  between  treatment 
groups  at  each  time  point  were  made  using  Student’s  t 
test,  where  P  <  0.05  indicates  statistical  significance. 

Results 

Effects  of  WR-3689  and  Caffeine  Administered 
Individually  on  Hypothalamic  Catecholamine  Con¬ 
tent.  The  effects  of  WR-3689  on  the  hypothalamic 
content  of  NE  and  DA  are  shown  in  Figure  1 .  Control 
values  of  NE  and  DA  ranged  between  200  and  220  pg/ 
mg  and  69  and  94  pg/mg  of  hypothalamic  tissue, 
respectively.  Administration  of  WR-3689  (100  and  200 
mg/kg)  had  no  effect  on  the  content  of  NE  or  DA  (Fig. 

1 ).  Figure  2  shows  the  effects  of  caffeine  on  the  hypo¬ 
thalamic  contents  of  NE  and  DA.  NE  content  (Fig.  2) 
significantly  increased  ( P  <  0.05)  above  control  values 
at  2  and  4  hr  after  administration  of  20  mg/kg  of 
caffeine  and  at  all  time  points  after  administration  of 
40  mg/kg  caffeine.  The  highest  NE  concentrations  oc¬ 
curred  4  hr  after  caffeine  treatment  and  were  324  ±  27 
and  377  ±61  pg/mg  after  the  20  mg/kg  and  40  mg/kg 
injections,  respectively.  Compared  with  control  values, 
DA  (Fig.  2)  was  unaffected  after  treatment  with  20  mg/ 
kg  of  caffeine,  but  was  significantly  increased  (P<  0.05) 
at  1  and  2  hr  after  administration  of  40  mg/kg  of 
caffeine.  The  highest  DA  concentration,  142  ±  14  pg/ 
mg,  occurred  2  hr  after  the  40-mg/kg  injection  of 
caffeine. 

Effects  of  WR-3689  and  Caffeine  Administered 
Simultaneously  on  Hypothalamic  Catecholamine 
Content.  In  Figure  3,  the  contents  of  NE  and  DA  in 
the  hypothalamus  of  mice  treated  with  the  combination 
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Figure  1.  Effect*  of  WR-3689  (100  and  200  mg/kg)  on  NE  and  DA 
content  in  the  mouse  hypothalamus.  Control  values  are  represented 
by  the  soM  tries  while  100-mg/kg  and  200-mg/kg  WR-3689- treated 
mice  are  represented  by  dotted  and  dashed  lines,  respectively. 
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Figure  2.  Effects  of  caffeine  (20  and  40  mg/kg)  on  NE  and  DA 
content  in  the  mouse  hypothalamus.  Control  values  are  represented 
by  the  solid  lines  while  20-mg/kg  and  40-mg/kg  caffeine-treated  mice 
are  represented  by  dotted  and  dashed  lines,  respectively.  "Signifi¬ 
cance  ( P  <  0.05)  between  the  control  and  caffeine  treatment  groups. 
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Figure  3.  Effects  of  WR-3689  (200  mg/kg),  caffeine  (40  mg/kg),  and 
the  combination  of  the  two  agents  at  doses  of  200  mg/kg  and  40 
mg/kg,  respectively,  on  NE  and  DA  content  in  the  mouse  hypothala¬ 
mus.  The  WR-3689  treatment  is  represented  by  the  solid  line,  the 
caffeine  treatment  is  represented  by  the  dotted  line,  and  the  combined 
treatment  is  represented  by  the  dashed  line.  "Significance  (P  <  0.05) 
between  the  caffeine  and  WR-3689  treatment  groups  ""Significance 
(P  <  0.05)  between  the  caffeine  and  combined  treatment  group. 


of  WR-3689  and  caffeine  are  compared  with  the  indi¬ 
vidual  treatments  of  WR-3689  (200  mg/kg)  and  caf¬ 
feine  (40  mg/kg)  alone.  Catecholamine  levels  in  the 
combined  treatment  group  (200  mg/kg  of  WR-3689 
and  40  mg/kg  of  caffeine)  were  not  significantly  differ¬ 
ent  from  the  levels  in  the  control  group  (data  not 
shown),  indicating  that  WR-3689  attenuates  the  caf¬ 
feine-induced  increase  in  catecholamines  in  mouse  hy¬ 
pothalamus.  NE  and  DA  contents  in  the  caffeine- 
treated  group  were  significantly  higher  ( P  <  0.05)  than 
in  the  WR-3689  treatment  group  at  2,  4,  and  8  hr  after 
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drug  administration  (Fig.  3).  DA  content  in  the  caf¬ 
feine-treated  group  was  also  significantly  higher  (P  < 
0.05)  than  in  the  combined  treatment  group  2  hr  after 
drug  administration.  Although  NE  and  DA  contents  in 
the  combined  treatment  group  were  higher  than  the 
WR-3689-treated  group  and  lower  than  the  caffeine- 
treated  group  at  4  hr  after  injections,  these  differences 
were  not  statistically  significant. 

Discussion 

The  results  of  this  study  indicate  that  WR-3689  has 
no  apparent  effect  on  the  hypothalamic  content  of  NE 
and  DA.  This  is  consistent  with  prevailing  thought  that 
WR  compounds  do  not  readily  cross  the  blood-brain 
barrier  (BBB)  (29,  30).  Biodistribution  studies  indicate 
that  only  0. 1-0.2%  of  the  total  ,5S-radiolabeled  WR- 
2721  (29)  and  WR-3689  (30)  is  accumulated  in  the 
brain  15-30  min  after  systemic  injections.  Since  there 
were  no  differences  in  catecholamines  between  the  con¬ 
trols  and  WR-3689-treated  mice,  it  would  seem  that 
the  small  amount  of  WR-3689  taken  up  by  the  brain 
may  not  be  sufficient  to  cause  derangements  in  neu¬ 
roendocrine  processes.  Alternatively,  it  is  possible  that 
WR-3689  could  act  centrally  to  affect  synthesis  and 
release  of  catecholamines  in  such  a  way  that  steady 
state  levels  of  catecholamines  remain  unaltered.  Dobric 
et  al.  (31)  showed  that  WR-2721  (300  mg/kg.  ip)  an¬ 
tagonizes  the  effects  of  9-gray  7-irradiation  on  the  brain 
content  of  NE,  DA.  and  serotonin.  Deanovic  et  al.  (32) 
reported  a  40-60%  decrease  in  the  release  of  acetylcho¬ 
line  from  the  somatosensory  cortex  1 5  min  after  sys¬ 
temic  administration  of  WR-272 1  (200  mg/kg).  In  ad¬ 
dition.  we  found  that  simultaneous  administration  of 
WR-3689  and  caffeine  was  effective  in  attenuating  the 
increase  in  hypothalamic  NE  and  DA  content  produced 
by  administration  of  caffeine  alone.  These  studies  sug¬ 
gest  that  WR-3689  can  alter  neurotransmitter  metabo¬ 
lism  in  the  brain,  but  the  mode  of  action  remains  to  be 
established. 

One  explanation  for  phosphorothioate-induced  al¬ 
terations  in  catecholamine  metabolism  is  that  these 
agents  could  produce  a  general  hypoxia  (33.  34).  If 
phosphorothioates  indeed  reduce  oxygen  tension,  the 
resultant  hypoxia  could  ultimately  carry  over  into  the 
brain.  Once  the  brain  becomes  hypoxic,  neurotrans¬ 
mitter  metabolism  can  be  altered  (35-37).  Another 
possibility  accounting  for  the  phosphorothioate- 
induced  alterations  in  catecholamine  metabolism  is  the 
inhibition  of  dopamine  d-hydroxylase  (38.  39)  by 
sulfhydryl  compounds  such  as  glutathione  and  cys- 
teamine.  In  a  recent  study  investigating  catecholamine 
metabolism  in  the  mouse  adrenal,  we  found  an  accu¬ 
mulation  in  the  content  of  DA  and  a  depletion  in  the 
content  of  NE  and  epinephrine  2-4  hr  after  administra¬ 
tion  of  WR-3689  (40).  These  results  indicate  that  WR- 
3689  inhibits  dopamine  /3-hydroxylase.  Vujnov  et  al. 


(41)  reported  similar  decreases  in  NE  in  the  adrenals 
and  sera  of  rats  3  hr  after  WR-2721  administration. 
Interestingly,  once  the  phosphate  group  is  cleaved  from 
the  phosphorothioate,  the  aminothiol  compound  re¬ 
sembles  cysteamine.  In  fact,  it  has  been  proposed  that 
a  small  fraction  of  the  administered  phosphorothioate 
can  be  metabolized  to  cysteamine  by  various  polyam¬ 
ine.  diamine,  or  monoamine  oxidases  (42).  Unlike 
phosphorothioates,  cysteamine  has  no  problem  crossing 
the  BBB  (39)  and  is  known  to  have  a  number  of 
neuroendocrine  effects  (43,  44). 

The  increase  in  the  hypothalamic  content  of  NE 
and  DA  by  caffeine  was  dose  dependent.  Govani  et  al. 
(22)  found  similar  dose-dependent  increases  in  the  con¬ 
tent  of  DA  in  the  rat  striatum  and  nucleus  accumbens 
after  administration  of  10,  20,  40,  and  100  mg/kg  of 
caffeine.  However,  in  the  nucleus  accumbens,  the  in¬ 
crease  in  DA  content  after  injection  of  100  mg/kg  of 
caffeine  was  slightly  less  than  the  increase  produced  by 
40  mg/kg,  indicating  a  biphasic  effect.  Minana  and 
Grisolia  (23)  administered  caffeine  to  rats  by  way  of 
the  drinking  water.  At  the  end  of  their  experiment.  NE 
content  in  the  hypothalamus  and  in  the  striatum  was 
more  than  300%  above  control  levels,  while  the  DA 
content  was  more  than  100%  above  control  levels. 
Corrodi  et  al.  (17)  found  that  50  mg/kg  of  caffeine 
administered  intraperitoneally  slightly  increased  NE 
and  DA  stores  in  the  whole  brain  of  rats.  In  contrast, 
these  authors  reported  a  slight  decrease  in  the  content 
of  NE  and  DA  when  100  mg/kg  of  caffeine  were 
injected.  These  results  again  indicate  a  biphasic  nature 
of  caffeine  with  the  lower  doses  of  caffeine  increasing 
and  the  higher  doses  decreasing  catecholamine  content 
in  the  brain.  In  addition,  a  relationship  between  bi¬ 
phasic  catecholamine  levels  and  locomotor  activity  was 
established  by  Waldeck  (18).  who  showed  that  lower 
doses  of  caffeine  produce  dose-dependent  increases  in 
locomotor  activity,  but  the  higher  doses  produce  no 
effect  or.  in  some  instances,  produce  hypomotility. 

In  contrast,  a  number  of  studies  investigating  the 
effects  of  caffeine  on  the  content  of  brain  catechol¬ 
amines  report  decreases  (17)  or  no  changes  (16-21). 
Reasons  for  these  discrepancies  include  the  biphasic 
nature  of  caffeine,  the  time  of  tissue  sampling  after 
caffeine  administration,  and  the  use  of  whole  brain 
preparations  rather  than  discrete  brain  areas.  In  some 
studies,  female  rats  were  used  without  considering  the 
stages  of  the  estrous  cycle.  This  is  an  important  consid¬ 
eration  since  changes  in  the  reproductive  status  of 
female  rats  are  known  to  affect  catecholamine  activity 
(45). 

Caffeine  can  alter  catecholamine  metabolism  in 
the  CNS  by  at  least  three  modes  of  action  (15).  The 
first  is  associated  with  the  translocation  of  calcium. 
Calcium  is  an  essential  ingredient  of  the  secretion¬ 
coupling  mechanism  for  the  release  of  catecholamines 
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as  well  as  other  neurotransmitters  and  neuromodulators 
(46-48).  Caffeine  increases  mobilization  of  calcium 
into  the  cell,  resulting  in  increased  catecholamine  re¬ 
lease.  The  second  mode  of  action  involves  the  accu¬ 
mulation  of  cAMP.  The  accumulation  of  cAMP  is 
mediated  by  caffeine’s  ability  to  inhibit  cyclic  nucleo¬ 
tide  phosphodiesterase.  In  turn,  cAMP  could  increase 
catecholamine  metabolism  by  stimulating  tyrosine  hy¬ 
droxylase  (49),  the  rate-limiting  enzyme  in  catecholam¬ 
ine  synthesis.  The  third  mode  of  action  involves  block¬ 
ing  receptors  for  adenosine.  Catecholamine  release  in 
the  CNS  can  be  mediated  by  specific  adenosine  recep¬ 
tors  (50).  Blocking  adenosine  receptors  with  caffeine 
leads  to  reduced  catecholamine  release.  All  three  of 
these  modes  of  action  indicate  that  caffeine  stimulates 
catecholamine  metabolism,  and  this  stimulation  is  in 
agreement  with  the  results  of  the  present  study. 

The  attenuation  of  the  caffeine-induced  cat¬ 
echolamine  content  when  caffeine  was  administered 
simultaneously  with  WR-3689  is  intriguing,  particu¬ 
larly  when  WR-3689  per  se  had  no  effect  on  the  cat¬ 
echolamine  levels.  It  is  possible  that  caffeine  alters  the 
BBB  via  changes  in  calcium  metabolism,  permitting 
WR-3689  to  enter  the  brain  and  thereby  attenuating 
catecholamine  levels.  Another  possibility  is  that  WR- 
3689  enters  the  brain  where  the  BBB  is  weak  or  absent. 
Two  such  areas  are  the  organum  vasculosum  of  the 
lamina  terminalis.  a  circumventricular  organ  located  at 
the  tip  of  the  third  ventricle,  and  the  area  postrema. 
located  immediately  rostral  to  the  obex  on  each  side  of 
the  fourth  ventricle  (51).  Furthermore,  it  is  known  that 
these  two  areas  of  the  brain  are  involved  in  the  regula¬ 
tion  of  body  temperature  (52)  and  in  the  control  of  the 
emetic  response  (53).  It  is  also  known  that  phosphoro- 
thioates  alter  body  temperature  (54)  and  trigger  emesis 
(8). 

If  WR-3689  enters  the  brain,  it  can  then  interact 
with  caffeine  to  attenuate  catecholamine  levels  in  a 
number  of  ways,  (i)  Phosphorothioates  are  known  to 
cause  a  decrease  in  cytosolic  calcium  intrusion  (55): 
thus,  WR-3689  could  reverse  caffeine-induced  intracel¬ 
lular  mobilization  of  calcium  that  in  turn  affects  cat¬ 
echolamine  release,  (ii)  Tyrosine  hydroxylase,  the  rate- 
limiting  enzyme  in  catecholamine  synthesis,  is  depend¬ 
ent  upon  molecular  oxygen.  Caffeine  can  stimulate 
tyrosine  hydroxylase  activity,  presumably  through  the 
action  of  cAMP  (49).  If  WR-3689  causes  hypoxia  (33. 
34),  it  could  limit  the  availability  of  oxygen  for  this 
rate-limiting  step  and  hence  catecholamine  synthesis, 
(iii)  Since  phosphorothioates  inhibit  cAMP  formation 
(56),  it  is  possible  that  WR-3689  antagonizes  the  caf¬ 
feine-induced  accumulation  of  cAMP  and,  conse¬ 
quently,  catecholamine  levels,  (iv)  Caffeine  can  also 
stimulate  dopamine  /3-hydroxylase  in  the  hypothalamus 
(23).  This  stimulation  could  then  offset  the  inhibiting 
effect  sulfhydryls  have  on  dopamine  /3-hydroxylase,  (v) 


Caffeine  is  known  to  stimulate  alkaline  phosphatase 
(57.  58)  that  in  turn  can  accelerate  the  formation  of 
sulfhydryl  from  phosphorothioates.  Although  alkaline 
phosphatase  is  not  detectable  in  brain,  formation  of  the 
sulfhydryl  from  WR-3689  in  peripheral  blood  could 
facilitate  its  entry  into  the  brain.  These  observations 
could  explain  why  WR-3689,  when  administered  in 
combination  with  caffeine,  attenuates  the  increase  in 
hypothalamic  catecholamines  produced  when  caffeine 
is  given  alone. 

The  results  of  this  study  indicate  that  WR-3689 
attenuates  the  caffeine-induced  increase  in  hypotha¬ 
lamic  concentrations  of  NE  and  DA,  suggesting  that 
WR-3689  affects  catecholamine  metabolism  in  the 
CNS.  WR-3689,  per  se.  has  no  effect  on  the  hypotha¬ 
lamic  stores  of  NE  and  DA,  whereas  caffeine  alone 
increases  the  hypothalamic  content  of  NE  and  DA  in  a 
dose-dependent  manner.  From  these  results,  it  is  tempt¬ 
ing  to  speculate  that  WR-3689-induced  alterations  in 
catecholamine  metabolism  are  at  least  partially  respon¬ 
sible  for  the  WR-3689-induced  behavioral  toxicity. 
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mal  Resources.  National  Research  Council.  We  are  greatful  to  W.  A. 
McLean  for  technical  assistance  and  to  Modeste  Greenville  for  edi¬ 
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Abstract.  The  role  of  cellular  membranes  in  thymocyte 
apoptosis  has  been  examined.  Trolox,  a  water  soluble  analogue 
of  vitamin  E  and  inhibitor  of  membrane  damage,  inhibits  DNA 
fragmentation  in  thymocytes  exposed  to  y-radiation.  Trolox  is 
most  effective  in  inhibiting  DNA  fragmentation  when  added  to 
cells  within  30  min  post-irradiation.  Exposure  to  trolox  only 
during  irradiation  did  not  prevent  DNA  fragmentation,  sug¬ 
gesting  that  it  does  not  work  by  scavenging  free  radicals 
generated  during  radiation  exposure.  Incubation  of  the  irra¬ 
diated  cell  suspension  with  trolox  for  2h  post-irradiation  was 
sufficient  to  prevent  DNA  fragmentation  measured  at  24  h  in 
irradiated  cells.  This  suggests  that  trolox  irreversibly  inhibits  a 
cellular  lesion  required  for  apoptosis.  The  induction  of  DNA 
fragmentation  appears  to  be  related  to  a  concurrent,  pro¬ 
nounced  flow  of  Ca2  +  into  the  cell.  At  3  h  post-irradiation  the 
amount  of  Ca2  *  in  irradiated  thymocytes  was  more  than  twice 
that  of  unirradiated  thymocytes.  Membrane  damage  has  been 
shown  to  affect  the  transport  of  Ca2  +  .  Trolox  treatment  com¬ 
pletely  blocked  the  radiation-induced  influx  of  Ca2+  into  the 
thymocytes.  These  results  suggest  that  membrane  damage  is  a 
critical  lesion  that  is  involved  in  DNA  fragmentation  in  thymo¬ 
cyte  apoptosis. 


1.  Introduction 

Thymocytes  are  among  the  most  radiation  sensi¬ 
tive  cells  in  the  body.  At  clinically  relevant  doses  of 
radiation  they  die  by  a  process  termed  interphase 
death  or  apoptosis  (Maruyama  and  Feola  1987, 
Sellins  and  Cohen  1987).  Apoptosis  can  also  be 
induced  by  other  physical  agents,  including  hyper¬ 
thermia  (Sellins  and  Cohen  1991,  Harmon  et  al. 
1991),  UV  irradiation  (Martin  and  Cotter  1991, 
Servoma  and  Rytoma  1990),  and  the  photodynamic 
action  of  phthalocyanines  (Agarwal  et  al.  1991). 
Agents  such  as  cytotoxic  T-cells  (Martz  and  Howell 
1989),  antibodies  against  CD3  (Smith  et  al.  1989) 
and  other  molecules  of  the  cell  membrane  (Trauth 
et  al.  1989),  or  glucocorticoids  (Wyllie  1980)  induce 
apoptosis  in  target  cells  by  receptor-mediated  pro¬ 
cesses.  Apoptosis  is  distinguishable  from  the  more 
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common  necrotic  death,  which  is  characterized  by  a 
generalized  breakdown  of  cellular  structure  and 
function.  Apoptotic  death  is,  on  the  other  hand,  a 
physiological  response  to  stimuli  that  has  also  been 
called  cellular  suicide  or  programmed  cell  death 
(Kerr  et  al.  1972). 

Even  though  several  morphological  and  bio¬ 
chemical  changes  have  been  described  in  apoptosis, 
it  is  not  clear  which  biological  systems  or  molecules 
participate  in  the  process,  or  how  their  damage 
results  in  cell  death.  The  most  characteristic  bio¬ 
chemical  event  during  apoptosis  is  fragmentation  of 
nuclear  DNA  into  oligonucleosomal  subunits  that 
precedes  cell  death  (Ramakrishnan  and  Catravas 
1992a,  Cohen  and  Duke  1984,  Smith  et  al.  1989, 
Bellomo  et  al.  1992).  The  fragmentation  of  nuclear 
DNA  during  apoptosis  appears  to  be  due  to  acti¬ 
vation  of  a  Ca2  + -dependent  nuclear  endonuclease 
that  is  constitutively  present  in  an  inactive  form  in 
thymocyte  nuclei  (Nikonova  et  al.  1982,  Cohen  and 
Duke  1984,  Kaminskas  and  Li  1989,  Ramakrishan 
and  Catravas  1992a).  The  process  by  which  this 
enzyme  becomes  activated  is  unknown,  though  there 
is  an  increase  in  intracellular  Ca2+  concentration 
during  apoptosis  (McConkey  et  al.  1988,  1989a, 
1990,  Story  el  al.  1992).  The  integrity  of  the  plasma 
membrane  plays  an  important  role  in  maintaining 
the  Ca2  +  homeostasis  in  the  cell  (Lucy  1972,  Pascoe 
and  Reed  1989). 

An  essential  role  for  the  lymphocyte  plasma  mem¬ 
brane  in  the  development  of  apoptosis  has  been 
proposed  (Konings  1981,  Ashwell  et  al.  1986,  Sun- 
gurov  and  Sharlaeva  1988).  In  irradiated  thymo¬ 
cytes  the  onset  of  nuclear  DNA  fragmentation  is 
preceded  by  changes  in  the  structure  and  function  of 
cellular  membranes  (Zherbin  and  Chukhlovin  1984, 
Yamada  et  al.  1969,  Chandra  and  Stefani  1981, 
Sungurov  and  Sharlaeva  1988).  The  permeability  of 
the  plasma  membrane  and  cell  volume  increases 
following  y-irradiation  of  lymphocytes,  which  may 
be  mediated  by  an  oxygen-dependent  free-radical 
chain  reaction  (Ashwell  et  al.  1986).  Lymphocyte 
survival  following  y-irradiation  is  inversely  dose-rate 
dependent,  and  may  be  due  to  radiation-induced 
damage  to  the  plasma  membrane  of  the  cell  (Kon- 
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ings  1981 ).  The  expression  of  surface  IgG  on  B  cells  is 
highly  radiosensitive  and  involves  activation  of  pro¬ 
tein  kinase  C  (Ojeda  et  si  1991).  Recently,  it  has 
been  reported  that  protein  kinase  C  is  activated 
during  apoptosis  induced  by  y-irradiation  (Ojeda  el 
al.  1992)  and  glucocorticoids  (Ojeda  et  al.  1990). 
This  activation  of  protein  kinase  C  may  be  related  to 
increases  in  diacylglycerol,  one  of  the  earliest  signal- 
induced  breakdown  products  of  membrane-bound 
inositol  phospholipid. 

In  this  study  we  used  trolox  to  investigate  the 
involvement  of  membranes  in  DNA  fragmentation 
in  thymocytes  exposed  to  y-radiation.  Trolox  is  a 
water-soluble  analogue  of  vitamin  E  that  penetrates 
biomembranes  rapidly  (Doba  et  al.  1985,  Castle  and 
Perkins  1986).  It  is  a  powerful  inhibitor  of  mem¬ 
brane  damage  and  protects  mammalian  cells  from 
oxidative  damage  both  in  vivo  (Casini  et  al.  1985, 
Mickle  et  al.  1989)  and  in  vitro  (Wu  et  al.  1990).  Our 
results  show  that  exposing  thymocytes  to  trolox  after 
irradiation  blocks  DNA  fragmentation.  The 
radiation-induced  influx  of  extracellular  Ca2  +  is  also 
inhibited  in  trolox-treated  cells. 


2.  Materials  and  methods 

2.1.  Thymocyte  isolation 

CD2F1  male  mice  (6-7  weeks  old)  were  killed 
with  C02  and  their  thymuses  removed  and  placed  in 
ice-cold  culture  medium  [RPMI  1640  medium  sup¬ 
plemented  with  25  mM  HEPES  buffer,  2  mM  l- 
glutamine,  55  /iM  2-mercaptoethanol,  lOOU/ml  pen- 
cillin,  100  jig/ml  streptomycin,  0-25/tg/ml  ampho¬ 
tericin  B,  all  from  GIBCO/BRL  (Grand  Island,  NY, 
USA)  and  10%  heat-inactivated  foetal  calf  serum 
(HyClone  Laboratories,  Logan,  UT,  USA)].  Single¬ 
cell  suspensions  were  prepared  by  pressing  the 
organs  through  wire  mesh  screens  followed  by  pass¬ 
age  through  a  25-gauge  needle.  The  cells  were 
washed  once  and  resuspended  in  medium.  Viable 
cells  were  determined  by  their  ability  to  exclude 
trypan  blue  (Warters  1992). 


2.2.  Irradiation 

Thymocytes  suspended  in  medium  (2  x  106/ml) 
were  exposed  to  1  -5-6-0  Gy  60Co  y-radiation  at  a 
nominal  dose  rate  of  1  Gy/min  using  the  AFRRI 
cobalt  facility. 


2.3.  Trolox  treatment 

Immediately  after  irradiation,  cells  were  centri¬ 
fuged  at  200 g  for  10  min,  resuspended  in  fresh 
medium  at  2xl06  cells/  il,  and  incubated  with 
trolox  (Hoffman-LaRoche,  Nutley,  NJ,  USA)  at 
37°C  under  an  atmosphere  of  5%  C02  in  air.  It  was 
necessary  to  prepare  stock  concentrations  of  trolox 
(lOOmM)  in  1  m  NaHC03  because  of  its  poor  solu¬ 
bility  in  water  above  l-8mM  (Wu  et  al.  1990).  The 
pH  of  the  stock  was  adjusted  to  7  0  with  1  n  HC1, 
and  the  stock  was  diluted  to  working  concentrations 
with  medium. 

Dexamethazone  was  dissolved  in  a  minimal 
volume  of  ethanol  and  diluted  to  the  desired  concen¬ 
tration  with  culture  medium.  Thymocytes  were 
incubated  with  dexamethazone  with  or  without 
trolox  as  described  above.  A  similar  volume  of 
ethanol  was  added  to  controls. 


2.4.  D N A  fragmentation  assay 

DNA  fragmentation  was  assayed  as  previously 
described  (Ramakrishnan  and  Catravas  1992a).  At 
selected  times  cells  were  harvested  by  centrifugation 
at  200  g  for  10  min.  The  cells  were  lysed  with  0-2  ml 
ice-cold  hypotonic  10  mM  Tris-HCl,  pH  7-5,  con¬ 
taining  1  mM  EDTA  and  0-2%  Triton  X-100  (lysis 
buffer)  and  centrifuged  at  13  000g  for  20 min  to 
separate  intact  from  fragmented  DNA.  The  pellet 
was  then  sonicated  for  10  s  in  0-2  ml  lysis  buffer. 
DNA  in  the  pellet  and  supernatant  fractions  was 
determined  by  an  automated  fluorometric  method 
using  Hoechst  33258  fluorochrome  (Calbiochem- 
Behring,  La  Jolla,  CA,  USA)  (Brunk  et  al.  1979, 
Cesarone  et  al.  1979),  modified  for  our  studies.  The 
method  utilized  the  Technicon  Autoanalyzer  II 
components  (Technicon  Instruments  Corp.,  Tarry- 
town,  NY,  USA),  including  an  autosampler  fitted 
with  a  40-place  sample  tray,  a  single-speed  propor¬ 
tioning  pump,  and  a  fluoronephelometer.  All  tubes 
were  flow-rated  Tygon  tubing  (Fisher  Scientific, 
Pittsburg,  PA,  USA).  The  sampler  cam  permitted 
the  analysis  of  40  samples/h  with  a  1  min  running 
buffer  wash  between  30-s  sample  draws.  The  fluores¬ 
cence  signal  was  directed  to  a  Hewlett-Packard 
3390A  integrator  (Downer’s  Grove,  IL,  USA), 
which  automatically  identified  and  quantitated 
sample  peaks. 

The  concentration  of  DNA  was  determined  with 
computer  software  that  compared  the  sample  peak 
height  value  with  a  standard  curve  of  peak  heights  of 
known  concentrations  of  calf  thymus  DNA.  The 
fluorometric  autoanalysis  of  DNA  is  more  sensitive 
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and  reproducible  than  the  diphenylamine  method. 
Sample  concentrations  of  1-20/tg/ml  were  easily 
analysed  with  the  system.  Increased  sensitivity  can 
be  obtained  by  increasing  the  volume  of  the  sample 
draw  and/or  adjusting  the  sensitivity  of  the  fluorone- 
phelometer  and  integrator.  Measurements  were 
unaffected  by  the  presence  of  cell  homogenates  or 
reagents  in  the  sample. 

The  percentage  of  DNA  fragmentation  refers  to 
the  ratio  of  DNA  in  the  13000^  supernatant  to  the 
total  DNA  in  the  pellet  and  13000^  supernatant. 

2.5.  DNA  electrophoresis 

Thymocytes  were  lysed  in  lysis  buffer  and  incu¬ 
bated  with  proteinase  K  (50/tg/ml  at  37°C  for 
30— 45 min).  The  DNA  was  sequentially  extracted 
with  equal  volumes  of  phenol/chloroform/isoamyl 
alcohol  (25:24:1).  The  aqueous  phase  was  precipi¬ 
tated  overnight  at  —  20°C  in  100%  ethanol.  DNA 
was  collected  by  centrifugation  at  1 3  000  g  for 
20  min,  air  dried,  and  resuspended  in  10  mM  Tris, 

1  mM  EDTA,  pH  7-8.  Horizontal  electrophoresis  of 
DNA  was  performed  for  2h  at  100  V  in  a  0-75% 
agarose  gel  with  90  mM  Tris,  90  mM  boric  acid,  and 

2  mM  EDTA,  pH  8  0  as  running  buffer  (Ramakrish- 
nan  and  Catravas  1992a). 

2.6.  Calcium  measurements 

Ca2  +  uptake  studies  were  performed  by  a  method 
modified  from  McClain  et  al.  (1984).  Thymocytes 
(1  x  107/ml)  were  incubated  at  37°C  for  30  min  prior 
to  radiation  exposure  in  medium  containing  10  pC 
45Ca2  +  /ml  (45CaCl2,  28-6mC/mg,  Dupont/NEN, 
Wilmington,  DE,  USA).  This  preincubation  time 
was  sufficient  to  equilibrate  Ca2+  stores  in  the 
thymocytes  with  the  isotope  (unpublished  observa¬ 
tions).  After  irradiation  the  cell  suspension  was 
returned  to  37°C  and  incubated  with  gentle  mixing. 
At  selected  times  post-irradiation  aliquots  of  the  cell 
suspension  (50/d,  5x10s  cells)  were  removed  and 
layered  over  1 50  /al  of  a  silicone  oil  mixture  [Versi- 
lube  F50,  General  Electric,  Waterford,  NY,  USA 
with  8%  (v/v)  light  mineral  oil  (Fisher  Scientific)]  in 
a  0-6  ml  micro-centrifuge  tube.  The  sample  was 
centrifuged  at  13  500  g  in  a  microfuge  for  45  s  to 
pellet  the  cells  through  the  oil,  separating  them  from 
the  radioactive  medium.  The  aqueous  and  oil  layers 
were  carefully  aspirated,  and  the  cell  pellet  was 
resuspended  in  Hanks’  Balanced  Salt  Solution 
(GIBCO/BRL)  containing  1%  Triton  X-100.  The 
samples  were  transferred  to  7-ml  scintillation  vials. 
The  precision  of  replicates  was  greatly  improved  by 


also  adding  to  each  vial  the  pipet  tip  used  to  transfer 
the  sample  and  the  bottom  75-1 00  /d  volume  of  the 
micro-centrifuge  tube  (cut  with  a  Micro  Tube  Cut¬ 
ter,  Thomas  Scientific,  Swedesboro,  NJ,  USA). 
Ecoscint  A  biodegradable  scintillation  solution 
(7  ml)  (National  Diagnostics,  Manville,  NJ,  USA) 
was  added  to  each  scintillation  vial,  the  vial  contents 
vigorously  shaken,  and  the  radioactivity  in  the  sam¬ 
ples  counted  on  a  scintillation  counter  (LS5801, 
Beckman  Instruments,  Fullerton,  CA,  USA). 

The  amount  of  Ca2  +  associated  with  the  cells  was 
calculated  from  the  cpm  in  the  cell  pellet  divided  by 
the  specific  activity  of  45Ca2+  in  the  incubation 
medium.  The  specific  activity  was  calculated  by 
dividing  the  cpm  in  10  p\  of  the  radioactive  cell 
suspension  by  the  Ca2  +  concentration  in  the  incuba¬ 
tion  medium  (0-42  mM).  The  quantity  of  Ca2+  asso¬ 
ciated  with  the  cell  pellet  was  normalized  to  that  in 
1  x  106  cells. 


3.  Results 

The  effect  of  trolox  on  DNA  fragmentation  in 
thymocytes  exposed  to  increasing  doses  of  y- 
radiation  is  shown  in  Figure  la  and  b.  There 
was  no  DNA  fragmentation  in  irradiated  thymo¬ 
cytes  immediately  after  irradiation  (6  Gy  data; 
Figure  la).  DNA  fragmentation  began  in  irradiated 
thymocytes  2-3  h  following  irradiation  and 
increased  with  time.  This  fragmentation  was  com¬ 
pletely  blocked  by  trolox  following  the  post¬ 
irradiation  incubation.  There  was  a  10-  20%  back¬ 
ground  DNA  fragmentation  in  unirradiated  thymo¬ 
cytes  not  treated  with  trolox  following  an  8-h 
incubation  at  37°C  (Figure  la  and  b).  Incubation  of 
unirradialcd  thynioc2  ics  with  trolox  reduced  even 
the  background  fragmentation  to  negligible  levels. 
Exposure  of  the  cells  to  trolox  did  not  alter  signifi¬ 
cantly  the  viability  of  the  cells.  After  an  8-h  incuba¬ 
tion  with  10  mM  trolox  at  37°C  under  an  atmosphere 
of  5%  C02,  85  +  3%  (mean  +  sem,  n  =  3)  of  the 
thymocytes  retained  the  ability  to  exclude  trypan 
blue.  This  compared  with  a  value  of  90  ±  3%  (n  =  3) 
for  cells  incubated  under  the  same  conditions  with¬ 
out  trolox. 

Electrophoretic  analysis  of  DNA  isolated  from 
thymocytes  irradiated  with  3  Gy  showed  a  typical 
‘ladder’  pattern  of  DNA  fragments  that  were  multi¬ 
ples  of  200  base  pairs  (lane  4,  Figure  2).  The  DNA 
isolated  from  irradiated  thymocytes  following  trolox 
treatment  showed  no  fragmentation  (lane  5).  The 
DNA  of  unirradiated  thymocytes  contained  a  small 
degree  of  fragmentation  (lane  2),  and  there  were  no 
fragments  in  the  DNA  isolated  from  unirradiated 
trolox-treated  thymocytes  (lane  3).  The  results  indi- 
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cate  that  the  fragmentation  of  nuclear  DNA  into 
oligonucleosomal  subunits,  the  most  important  bio¬ 
chemical  event  in  apoptosis,  can  be  inhibited  by 
trolox. 

Figure  3  shows  the  effect  of  different  concentra¬ 
tions  of  trolox  on  DNA  fragmentation  in  thymocytes 
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Figure  I.  DNA  fragmentation  in  irradiated  thymocytes  and 
inhibition  by  trolox.  (a),  at  different  post-irradiation 
times;  (b),  at  8h  after  increasing  doses  of  y-irradiation. 
Thymocytes  (2  x  10*  cells/ml)  were  irradiated  at  a  dose 
rate  of  1  Gy/min.  After  irradiation  cells  were  incubated 
in  fresh  medium  with  or  without  10  mu  trolox  at  37°C 
under  an  atmosphere  of  5%  C02  in  air.  At  indicated 
times  DNA  fragmentation  was  determined  as  described 
in  $2.  The  results  are  mean  ±  SE  from  three  independent 
experiments  (x»6).  T,  trolox. 
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Figure  2.  Trolox  inhibits  DNA  fragmentation.  DNA  was  iso¬ 
lated  from  unirradiated  (OGy)  and  irradiated  (3  Gy) 
thymocytes  after  6-h  incubation  with  or  without  10  mu 
trolox  and  analysed  by  agarose  gel  electrophoresis.  Lane 
1 ,  standard  1  kb  DNA  ladder;  lane  2,  0  Gy;  lane  3, 
0  Gy  +  trolox;  lane  4,  3  Gy;  and  lane  5,  3  Gy  +  trolox. 


exposed  to  6  Gy.  The  inhibition  of  fragmentation  by 
trolox  depended  on  its  concentration  in  the  incuba¬ 
tion  medium.  Because  DNA  fragmentation  was  com¬ 
pletely  blocked  by  lOmM  trolox  we  used  this 
concentration  in  all  subsequent  studies. 

In  the  studies  above,  trolox  was  present  in  the 
medium  during  the  entire  post-irradiation  incuba¬ 
tion  period.  It  was  possible,  however,  that  the  effec- 
iveness  of  trolox  required  it  to  be  present  only  at  a 
certain  stage  during  the  sequence  of  steps  leading  to 
DNA  fragmentation.  We  therefore  performed  a  ser¬ 
ies  of  experiments  to  determine  how  long  trolox  must 
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Figure  3.  Inhibition  of  DNA  fragmentation  depends  on  concen¬ 
tration  of  trolox.  Irradiated  thymocytes  (6  Gy)  were 
incubated  in  fresh  medium  with  different  concentrations 
of  trolox  as  described  in  Figure  1.  DNA  fragmentation 
was  determined  8h  after  irradiation.  The  results  are 
mean±SE  from  three  independent  experiments  (n  =  6). 


be  present  after  irradiation  and  how  soon  after 
irradiation  it  must  be  added  to  inhibit  DNA 
fragmentation. 

Figure  4  shows  the  results  of  experiments  in  which 
irradiated  thymocytes  were  incubated  with  trolox 
for  different  lengths  of  time.  At  selected  times 
(0-5— \  h)  cells  were  removed  from  the  medium  con¬ 
taining  trolox  by  centrifugation  and  incubated  in 
fresh  medium  without  trolox  at  37°C  in  air  contain¬ 
ing  5%  C02-  DNA  fragmentation  was  then  deter¬ 
mined  24  h  after  irradiation.  As  sh'nvn  in  Figure  4 
the  DNA  fragmentation  in  thymocytes  irradiated  at 
3  and  6  Gy  was  68  and  76%,  respectively.  The  extent 
of  DNA  fragmentation  decreased  as  the  incubation 
time  with  trolox  increased,  reaching  a  minimum 
after  a  2-h  incubation.  DNA  fragmentation  in  irra¬ 
diated  thymocytes  after  a  2-h  incubation  with  trolox 
was  15%,  the  same  level  measured  in  unirradiated 
thymocytes  treated  the  same  way  with  trolox.  These 
data  indicate  that  a  2-h  incubation  with  trolox  is 
sufficient  to  block  the  DNA  fragmentation  measured 
at  24  h  and  that  once  the  trolox-sensitive  step  is 
inhibited,  fragmentation  fails  to  occur  even  after 
trolox  is  removed. 

To  identify  how  early  trolox  must  be  present  to 
block  DNA  fragmentation  after  irradiation,  we 
added  trolox  to  thymocytes  during  or  at  different 
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Figure  4.  Inhibition  of  DNA  fragmentation  depends  on  the 
duration  of  trolox  treatment.  Irradiated  thymocytes  (3 
and  6  Gy)  were  incubated  in  fresh  medium  with  10  mu 
trolox  for  different  periods  of  time.  At  indicated  times 
thymocytes  were  removed  from  the  medium  by  centri¬ 
fugation.  The  cells  were  resuspended  in  trolox-free 
medium  and  incubated  under  the  conditions  described 
in  Figure  1.  DNA  fragmentation  was  determined  24  h 
after  irradiation.  The  results  are  mean  ±  SE  from  three 
independent  experiments  (n  =  6). 


times  following  irradiation  (6 Gy),  and  determined 
the  extent  of  DNA  fragmentation  8-h  post- 
irradiation.  The  results  shown  in  Figure  5  indicate 
that  trolox  does  not  inhibit  DNA  fragmentation 
when  present  only  during  irradiation.  The  addition 
of  trolox  within  30  min  after  irradiation  was  suffi¬ 
cient  to  inhibit  almost  completely  the  DNA  frag¬ 
mentation.  Adding  trolox  1  h  after  irradiation 
resulted  in  about  15%  of  the  DNA  becoming  frag¬ 
mented.  Trolox  added  2  or  4h  after  irradiation 
resulted  in  20  or  33%  DNA  fragmentadon,  re¬ 
spectively.  Therefore,  trolox  completely  inhibits 
DNA  fragmentation  only  when  added  within  30  min 
after  radiation  exposure,  suggesting  that  there  is  a 
critical  event  in  the  process  of  apoptosis  within  the 
first  30  min  after  irradiation  that  is  sensitive  to 
trolox. 

We  performed  experiments  to  determine  whether 
DNA  fragmentation  was  correlated  with  changes  in 
Ca2  +  uptake  into  irradiated  thymocytes.  The 
amount  of  Ca2  +  associated  with  irradiated  thymo¬ 
cytes  remained  the  same  as  unirradiated  controls 
until  2h  post-irradiaUon  (Figure  6).  At  3h  the 
amount  of  Ca2+  associated  with  irradiated  thymo¬ 
cytes  was  more  than,  twice  that  of  unirradiated 
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Figure  5.  Inhibition  of  DNA  fragmentation  depends  on  timing 
of  trolox  treatment.  Thymocytes  were  exposed  to  6  Gy  y- 
radiation  and  incubated  under  the  conditions  described 
in  Figure  1.  In  one  set,  thymocytes  were  irradiated  in 
the  presence  of  trolox.  Immediately  after  irradiation  the 
medium  containing  the  trolox  was  removed  by  centrifu¬ 
gation  and  the  incubation  continued  in  trolox-free 
medium.  The  other  sets  were  irradiated  in  medium 
without  trolox;  trolox  (lOmM)  was  then  added  at  the 
indicated  times  after  irradiation  and  the  incubation 
continued.  DNA  fragmentation  was  determined  8  h  after 
irradiation.  The  results  are  mean±SE  from  three  inde¬ 
pendent  experiments  (»=6).  6 Gy  (bar  A);  trolox  pre¬ 
sent  during  irradiation,  then  removed  (bar  B);  trolox 
added  to  irradiated  thymocytes  at  0  min  (bar  C);  30  min 
(bar  D);  l  h  (bar  E);  2h  (bar  F);  or  4h  (bar  G)  after 
irradiation. 


thymocytes  (261  ±18  versus  101  ±20  pmol/106 
cells).  The  induction  of  DNA  fragmentation  and 
influx  of  Ca2  +  appear  concurrent  (2-3  h  post- 
irradiation;  compare  Figures  la  and  6).  Interest¬ 
ingly,  trolox  completely  inhibited  the  influx  of  Ca2  + 
in  irradiated  thymocytes. 

We  also  studied  the  effect  of  trolox  on  DNA 
fragmentation  following  glucocorticoid  treatment  to 
determine  whether  the  events  blocked  by  trolox  were 
specific  for  apoptosis  stimulated  by  radiation.  The 
results  shown  in  Figure  7  indicate  that  trolox  also 
inhibited  DNA  fragmentation  induced  in  thymo¬ 
cytes  by  dexamethazone  (compare  lanes  4  and  5). 


Our  findings  demonstrate  that  trolox  protects 
thymocytes  from  DNA  fragmentation  induced  by  y- 


TIME  POSTIRRADIATION  (H) 

Figure  6.  Trolox  inhibits  CaJ  +  influx  in  irradiated  thymocytes. 
Thymocytes  (2  x  107  cells/ml)  were  incubated  at  37°C 
in  medium  containing  *5Ca7  +  (lOpC/ml)  for  30  min 
before  irradiation.  Immediately  after  irradiation  (6  Gy) 
trolox  (10  mu)  or  buffer  was  added  and  the  incubation 
continued.  At  selected  times  aliquots  of  the  suspension 
were  removed,  the  cells  separated  from  the  medium  by 
centrifugation  through  oil,  and  radioactivity  in  the  cell 
pellet  determined  by  scintillation  counting.  Data  repre¬ 
sent  the  mean±SE  of  two  independent  experiments 
(»-8). 


irradiation.  DNA  fragmentation  was  not  inhibited  if 
trolox  was  present  only  during  irradiation  (Figure 
5),  which  suggests  that  the  effectiveness  of  trolox  in 
these  experiments  is  not  a  result  of  its  scavenging  of 
free  radicals  generated  during  irradiation.  On  the 
other  hand,  trolox  was  very  effective  in  inhibiting 
DNA  fragmentation  if  added  to  the  cells  during  the 
first  30 min  after  irradiation  (Figure  5).  The  longer 
the  addition  of  trolox  was  delayed,  the  less  the  level 
of  protection  observed,  which  suggests  trolox  inhibits 
an  early  step  in  a  process  that  leads  to  an  influx  of 
Ca2+  and  DNA  fragmentation  2-3  h  post¬ 
irradiation  (Figures  la  and  6)  (Ramakrishnan  and 
Catravas  1992a,  Story  et  al.  1992).  Trolox  need  not 
be  present  continuously  to  exert  its  effect.  Removing 
it  from  the  irradiated  cell  suspension  2h  post- 
irradiation  led  to  no  greater  degree  of  DNA  frag¬ 
mentation  observed  at  24  h  than  that  measured  in 
unirradiated  controls  (Figure  4).  These  results  also 
suggest  that  the  events  responsible  for  DNA  frag¬ 
mentation  begin  soon  after  irradiation.  Once  these 
early  steps  are  blocked  the  succeeding  steps  will  not 
occur. 
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Figure  7.  Trolox  inhibits  dexamethazone-induced  DNA  frag¬ 
mentation.  DNA  was  isolated  from  untreated  and 
dexamethazone-treated  (50  nn)  thymocytes  after  6h 
incubation  with  or  without  10  mM  trolox  and  analysed 
by  agarose  gel  electrophoresis.  Lane  1 ,  standard  1  kb 
DNA  ladder;  lane  2,  control;  lane  3,  control -Mrolox; 
lane  4,  50  nM  dexamethazone;  and  lane  5, 

dexamethazone  +  trolox. 


Because  trolox  h?  L-vn  shown  to  be  an  inhibitor 
of  membrane  damage  ’  .  u  el  al.  1990,  Casini  et  al. 
1985,  Doba  et  al.  ln9\  Mickle  et  al.  1989,  Barclay  et 
al.  1984,  Burton  a:>.1  Ingold  1985),  it  seems  likely 
that  trolox  protects  thymocytes  by  inhibiting  struc¬ 
tural  and/or  functional  membrane  changes  respon¬ 
sible  for  triggering  apoptosis.  This  interpretation  is 
supported  by  our  earlier  studies  with  another  lipo¬ 
philic  membrane-protecting  antioxidant,  dihydroli- 
poic  acid,  which  also  protects  thymocytes  from 


radiation-induced  DNA  fragmentation  (Ramakrish- 
nan  and  Catravas  1992b).  It  is  not  surprising  that 
events  within  membranes  play  a  central  role  in 
radiation-induced  apoptosis.  Membrane  damage 
has  been  reported  in  mammalian  cells  at  radiation 
doses  as  low  as  0-5  Gy  (Parasassi  et  al.  1991 ).  Human 
lymphocytes  exhibit  morphological  changes  in  the 
plasma  membrane  within  15  min  after  irradiation 
with  0-5—  1  -5  Gy  (Chandra  and  Stefani  1981,  Stef- 
ani  et  al.  1977).  Furthermore,  changes  in  the  struc¬ 
ture  and  function  of  cellular  membranes  in 
irradiated  thymocytes  have  been  shown  to  occur 
much  earlier  than  DNA  fragmentation  (Zherbin 
and  Chukhlovin  1984,  Yamada  et  al.  1969,  Chandra 
and  Stefani  1981,  Sungurov  and  Sharlaeva  1988). 

Our  initial  hypothesis  of  the  mechanism  of  action 
of  trolox  was  that  it  acted  as  an  antioxidant  to  block 
lipid  peroxidation  and  other  membrane  oxidations 
induced  by  radiation.  However,  our  observation 
that  trolox  is  also  a  potent  inhibitor  of 
glucocorticoid-induced  DNA  fragmentation  (Figure 
7)  suggests  that  such  a  hypothesis  might  be  too 
narrow  to  explain  the  trolox  inhibition. 
Glucocorticoid-stimulated  apoptosis  is  not  known  to 
involve  changes  in  the  membrane  like  those  induced 
by  radiation.  However,  little  is  known  of  the  specific 
reactions  that  occur  in  the  membrane  during  gluco¬ 
corticoid  stimulation.  They  may  well  involve 
changes  in  the  oxidation  state  of  reactants,  which  the 
antioxidant  trolox  could  interfer  with.  The  glucocor¬ 
ticoid  experiments  do  not  contradict  the  basic  notion 
that  trolox  interfers  with  a  membrane-related  event 
early  in  the  process  of  apoptosis.  Apoptosis  stimu¬ 
lated  by  glucocorticoids  is  a  receptor-mediated  pro¬ 
cess  (Wyllie  1980).  Glucocorticoids  have  been  shown 
to  impair  membrane-related  transport  functions; 
cellular  transport  of  amino  acids,  glucose,  and  nuc¬ 
leosides  have  been  shown  to  be  inhibited  in  thymo¬ 
cytes  within  60  min  after  glucocorticoid  treatment 
(Munck  1 968,  Makman  et  al.  1968,  1971). 

Although  it  is  not  yet  clear  what  membrane 
functions  trolox  protects  to  prevent  the  DNA  degra¬ 
dation  induced  by  radiation,  our  results  strongly 
suggest  trolox  blocks  some  aspect  of  calcium  meta¬ 
bolism  associated  with  apoptosis.  Many  studies  have 
shown  that  a  critical  event  in  apoptosis  is  an  increase 
in  cytosolic  Ca2  +  due  to  an  internal  mobilization  of 
intracellular  Ca2  +  and  an  influx  of  extracellular 
Ca2+  (McConkey  et  al.  1989b,  Story  et  al.  1992). 
Three  hours  post-irradiation,  the  amount  of  Ca2  +  in 
irradiated  thymocytes  was  more  than  twice  that  of 
those  not  irradiated  (Figure  6).  The  fact  that  trolox 
blocked  the  influx  of  extracellular  Ca2+  in  irra¬ 
diated  thymocytes  (Figure  6)  suggests  that  trolox 
inhibits  a  change  in  membrane  function  that  is 
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responsible  for  calcium  mobilization  during  apopto¬ 
sis.  It  may  be  that  trolox  protects  calcium  translocat¬ 
ing  mechanisms  in  the  membrane  that  are  otherwise 
altered  by  radiation.  Indeed,  it  has  been  shown  that 
vitamin  E,  from  which  trolox  is  derived,  protects 
calcium  translocases  that  are  impaired  during  mem¬ 
brane  damage  (Ananieva  et  al.  1984). 

In  summary,  this  study  supports  the  hypothesis 
that  early  events  in  apoptosis  stimulated  by  physical 
agents  or  receptor-mediated  processes  occur  at  the 
membrane  level.  Trolox,  an  inhibitor  of  membrane 
damage,  protects  thymocytes  from  apoptosis.  The 
critical  lesion  (s)  blocked  by  trolox  occur  soon  after 
stimulation.  Once  the  lesion  is  prevented,  trolox  can 
be  removed  and  apoptosis  will  not  proceed.  Experi¬ 
ments  are  currently  in  progress  to  identify  the  speci¬ 
fic  membrane  events  modulated  by  trolox  to  prevent 
apoptosis. 
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ABSTRACT 

Several  families  of  negatively  supercoiled  topoisomers  of  the  plasmid  pIBI30  were  “Co 
y- irradiated  and  assayed  for  the  induction  of  strand  scission  by  agarose  gel  electrophoresis. 
Form-I  DNA  for  all  topoisomers  decreased  exponentially  with  increasing  dose.  The  radiation 
sensitivity  (1/Dj,)  was  dependent  on  the  average  linking  difference  (AL)  associated  with  a  given 
supercoiled  family.  For  |AL|  <  2.5  the  radiation  sensitivity  of  DNA  decreased  with  increasing 
|AL|,  whereas  for  |AL|  >  2.5  enhanced  radiation  sensitivity  was  observed  with  increasing 
|AL|.  These  results  are  in  agreement  with  data  reported  by  Miller,  et  al.  (1991)  also  for  pIB130 
(250kV  X-irradiated),  but  are  inconsistent  with  experiments  by  Milligan,  et  al.  (1992)  for  1J7Cs 
y- irradiated  pUC18.  Our  results  are  suggestive  of  several  mechanisms  that  could  be  operative 
in  explaining  the  dependence  of  DNA  radiation  sensitivity  on  topology. 

INTRODUCTION 

Plasmid  DNA  is  a  useful  model  system  for  investigating  the  initial  radiation  damage  in 
the  absence  of  repair  processes  due  to  the  ease  of  quantifying  strand  scission  by  agarose  gel 
electrophoresis.  In  this  paper  we  investigate  the  dependence  of  “Co  y-radiation  sensitivity  on 
the  conformational  state  of  DNA.  It  is  almost  an  axiom  of  radiation  research  that  smaller  target 
volumes  are  less  sensitive  to  ionizing  radiation.  We  present  experimental  evidence  that  disputes 
the  validity  of  this  axiom  in  some  circumstances.  Our  data  strongly  suggest  that  the  organization 
of  DNA  in  small  domains  can  have  pronounced  effects  on  its  radiation  sensitivity. 

It  is  well  known  that  covalently  closed  duplex  DNA  is  topologically  constrained  and  can 
assume  a  large  number  of  topologically  inequivalent  conformations.  These  different  DNA 
conformational  states  can  be  classified  by  their  linking  number  (Cozzarelli,  Boles,  and  White, 
1990).  A  more  useful  quantity,  the  linking  difference  (AL)  denotes  the  difference  between 
linking  numbers  of  a  given  topoisomer  and  fully  relaxed  plasmid  DNA.  Native  plasmids  all  have 
AL  <  0,  a  condition  corresponding  to  more  base  pairs  per  turn  than  predicted  by  the 
Watson-Crick  model.  To  address  whether  standard  target  theory  (Fowler,  1964)  might  be 
inapplicable  for  small  domain  sizes,  i.e.  whether  DNA's  topology  alters  its  radiation  sensitivity, 
we  have  prepared  supercoiled  families  of  pIBI30  and  have  measured  their  response  to  “Co  y- 
irradiation.  Our  results  strongly  suggest  that  DNA's  conformational  state  affects  its  radiation 
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response.  For  DNA  in  superhelical  states  an  increase  in  |AL|  corresponds  to  a  decrease  in 
target  size  as  is  indicated  by  an  increase  in  electrophoretic  mobility.  In  our  studies  for  DNA 
characterized  by  low  linking  difference  (|AL|  <  2.5)  the  response  was  that  expected  on  the  basis 
of  standard  target  theory.  However,  for  smaller,  more  compact  DNA  corresponding  to  larger 
negative  linking  differences  (|AL|  >  2.5),  the  radiation  sensitivity  (defined  as  the  negative  of 
the  slope  of  the  semi-logarithmic  plot  of  the  fraction  of  Form-I  DNA  as  a  function  of  dose)  was 
found  to  increase  with  increase  in  |AL|.  Several  possible  competing  processes  responsible  for 
the  enhanced  sensitivity  of  DNA  to  radiation-induced  strand  scission  at  high  |AL|  values  are 
suggested.  Our  results  compare  favorably  with  data  on  plasmid  pIBI30  reported  for  250kV 
X-rays  by  Miller  and  co-workers  (1991),  but  are  not  in  accord  with  recent  results  for  1J7Cs  y- 
irradiated  pUC18  by  Milligan,  el  aL  (1992). 

EXPERIMENTAL  METHODS 

Protocol  for  preparation  of  supercoiled  families  (topoisomers)  of  p IB  130 

Plasmid  plBI30  was  isolated  from  Escherichia  coli  by  alkaline  lysis  (Ausubel,  et  al.  , 
1989).  Eukaryotic  topoisomerase-I  (topo-I)  was  purchased  from  Bethesda  Research  Laboratory 
(BRL)  and  was  prepared  for  assay  following  the  recommendations  of  the  supplier.  A  relaxation 
protocol  was  modified  from  the  published  procedure  of  Singleton  and  Wells  (1982).  In  our 
method  30  to  50pg  of  plasmid  were  relaxed  with  30  units  of  enzyme  in  the  presence  of  1.4,  6.4, 
9.7,  12,  or  16.4  pmol  dm'3  ethidium  bromide  at  37®  C  for  four  hours  in  a  total  volume  of  150pl 
per  reaction  tube.  Native  plasmid  was  subjected  to  the  same  manipulations  by  combining  it  in 
a  reaction  mixture  containing  all  ingredients  with  the  exception  of  topo-I  and  ethidium  bromide. 
Since  topoisomers  were  desired  in  quantity  and  in  order  to  maximize  use  of  the  enzyme,  a  typical 
preparation  involved  twelve  reaction  tubes  (six  for  each  of  two  topoisomers).  Hie  individual 
tubes  were  combined  to  a  single  tube  following  incubation  and  prior  to  extraction. 

i 

Rigorous  adherence  to  recommended  standard  DNA  clean-up  protocols  (Sambrook. 
Fritsch,  and  Maniatis  1989,  and  Davis,  Dibner,  and  Battey  1986)  was  found  necessary  to  avoid 
contamination  of  sample  with  chemical  substances  and  to  insure  removal  of  residual  proteins  and 
introduced  enzymes.  Fig.  1  depicts  an  admittedly  exaggerated  illustration  of  the  absorption 
spectra  of  improperly  prepared  DNA.  Topoisomer  reaction  volumes  were  extracted  once  (always 
with  equal  volume)  with  buffer  saturated  phenol  (BRL,  catalog  number  S513UA)  and  once  with 
phenol/chloroform/isoamyl  alcohol  (proportions:  25::24::1)  removing  the  aqueous  phase  to  a 
fresh  tube  following  each  extraction.  The  resulting  volume  was  subjected  to  three  extractions 
with  water  saturated  ethyl  ether  with  careful  removal  of  the  organic  layer  to  waste.  Following 
each  extraction  a  brief  centrifugation  (5000  rpm  for  1  to  5  min)  aided  in  phase  separation. 
Finally,  resulting  volumes  were  incubated  for  “  10  min  at  65°  C  with  constant  flow  of  N2  gas 
to  purge  residual  ether  from  the  system. 

Ethanol  precipitation  of  topoisomer  preparations  was  adapted  from  standard  protocols. 
Approximately  200pl  of  topoisomer  solution  was  combined  with  200pl  of  deionized  water 
(Millipore,  Milli-Q  water  system)  to  dilute  solution  salts  below  the  level  of  co-precipitation  with 
DNA.  To  this  was  added  44pl  of  3  mol  dm'3  sodium  acetate  (pH  5.2)  and  the  volume  thoroughly 
mixed  by  vortexing  before  addition  of  chilled  95%  ethanol  to  a  total  volume  of  *  1.5ml.  The 
tubes  were  again  vortexed  and  chilled  on  dry  ice  for  -  20  min.  Centrifugation  in  a 
microcentrifuge  at  4°  C  for  10  min  pelleted  the  DNA.  The  pellets  were  carefully  rinsed  in  0.5ml 
of  chilled  70%  ethanol.  Centrifugation  at  4s  C  for  4  min  prepared  the  samples  for  iyophilization 
(approximately  one  hour).  The  DNA  was  dissolved  in  a  small  volume  of  50  mmol  dm'3 
potassium  phosphate  buffer  (pH  7.2)  and  stored  at  4°  C  for  a  minimum  of  24  hours.  If  the 
iyophilization  step  of  the  topoisomer  preparation  involved  multiple  tubes,  they  were  combined 
to  a  single  tube  using  a  vigorous  wash-  through  method  which  took  advantage  of  the  innate 
stability  (resistance  to  shearing)  of  plasmid  (supercoiled)  DNA.  Topoisomer  preparations  were 
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Figure  1.  Spectrophototnetric  scant  of  solution!  of  plasmid  DNA  (pIBBO),  protein  (Bovine  Serum  Albumen),  and 
mixed  protein/DNA. 


OHA  (no  extractions)  PHENOL  Extracted  ONA/TOPO 


Wavelength  (nm) 


Figure  2.  Spectrophotometric  scans  of  solutions  of  untreated  pIBBO  (DNA,  one  panel),  and  topoisomerase-I  treated 
pIBBO  (DNA/TOPO)  showing  decreased  levels  of  contaminants  at  stages  of  the  purification  protocol  (see  text  for 
details). 
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brought  to  a  final  concentration  of  =  0.2pg/pl  following  a  careful  dilution  protocol.  DNA 
concentration  was  determined  by  scanning  sample  solutions  at  260nm  on  a  Hewlett  Packard 
8450A  diode  array  spectrophotometer.  DNA  purity  was  determined  by  monitoring  the  shape  of 
the  curve  of  a  broad-spectrum  scan  (220  to  350nm)  of  the  DNA  in  solution  (see  Fig.  2)  and  by 
monitoring  the  absorption  ratio  A^-.'A^  of  the  DNA.  DNA  was  certified  as  RNA-free  and 
double-checked  for  absolute  concentration  by  monitoring  fluorescence  of  the  topoisomers  in  the 
presence  of  Hoechst  332S8  with  a  dedicated  fiuorometer  (Hoefer  Scientific  Instruments,  model 
TKO-100).  The  purified  supercoiled  families  of  p IB  130  utilized  are  shown  in  Fig.  3. 


A  B  C  D  E  F 

Figure  3.  Electrophoretic  signature  of  supercoiled  families  (topoisomers)  of  pIB130.  Native  plasmid  was  relaxed  with 
topoisomerase-I  in  the  presence  of  (A)  0.0,  (B)  12.0,  (C)  9.7,  (D)  6.4,  (E)  16.4,  and  (F)  1.4  pmol  dm'3  ethidium 
bromide  (see  text).  Electrophoretic  conditions:  7  x  10  cm  gel,  1.6%  agarose  in  TBE  buffer  (89  mmol  dm'3  Tris. 
89  mmol  dm  3  boric  acid,  2.3  mmol  dm'3  EDTA,  pH  8.0,  not  incorporating  ethidium  bromide)  run  at  constant  voltage 
(73  Volts)  for  several  hours  at  room  temperature. 


Link  number  analysis  of  supercoiled  families 

Aliquots  containing  «  0.75pg  of  the  purified  supercoiled  families  of  pIBI30  were  applied 
to  agarose  gels  (horizontal)  for  link  number  analysis.  Each  topoisomer  was  characterized  by  an 
average  linking  difference,  |AL|  ,  defined  by  the  equation: 

|AL|  slimot.Ox,)-1)  (1) 

where  the  sum  extends  over  all  individual  bands  associated  with  a  given  topoisomer  (A  to  F,  see 
Fig.  3),  L,  is  the  link  difference  assigned  to  an  individual  band  i,  and  x,  denotes  a  measurement 
of  area  for  the  corresponding  band.  Our  results  indicate  that  |AL|  is  13,  3.74,  2.74,  0.96,  5.92, 
and  0.75  for  A  through  F  of  Fig.  3.  The  absolute  magnitude  of  |AL  |  for  pIBI30  upon  isolation 
from  E.  coli  was  taken  arbitrarily  to  be  13.  This  assumption  does  not  qualitatively  affect 
conclusions  which  may  be  inferred  from  the  data.  Assigning  maximum  |AL|  of  13  corresponds 
to  a  reasonable  (lower  limit)  value  of  225  base  pairs  per  supercoil. 

Analysis  of  irradiated  supercoiled  families  of  pIBI30 

Supercoiled  families  (0.2pg/pl)  were  exposed  to  “Co  y-irradiation  at  room  temperature. 
The  dose  rate  was  -  10  Gy  min1.  Dosimetry  was  performed  using  a  calibrated  tissue-equivalent 
ionization  chamber  (calibration  traceable  to  N.I.S.T.)  and  following  the  AAPM  TG21  protocol 
(American  Association  of  Physicists  in  Medicine,  Task  Group  21,  Radiation  Therapy  Committee. 
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1983).  Irradiated  topoisomers  were  stored  at  4s  C  for  at  least  two  weeks  prior  to  assay  in  tightly 
capped  eppendorf  tubes  which  were  further  protected  from  desiccation  by  enclosure  within  sealed 
50ml  conical  centrifuge  tubes.  DNA  was  adversely  affected  by  storage,  but  the  effect  stabilized 
after  approximately  14  days  (data  not  shown).  Irradiated  samples  were  prepared  just  prior  to 
analysis  by  dilution  with  potassium  phosphate  buffer  (50  mmol  dm'*)  and  bromophenol 
blue/glycerol  tracking  dye  solution  to  a  concentration  of  0.075pg/5pl.  5 pi  of  this  preparation 
were  applied  to  each  of  several  lanes  such  that  the  entire  spectrum  of  experimental  treatments 
(radiation  doses)  including  control  (no  radiation)  were  represented  at  least  twice  on  each  of  two 
lane-sets  on  a  single  gel.  Also  included  on  the  gel  were  marker  bands  composed  of  native 
plBI30  delineating  the  extremes  of  the  linear  response  region  -  separately  determined  (data  not 
shown). 

Agarose  gels  (1.6%,  15  x  20cm,  in  TBE  buffer  (89  mmol  dm'3  Tris,  89  mmol  dm'3  boric 
acid,  2.5  mmol  dm'3  EDTA),  pH  8.0)  incorporating  ethidium  bromide  (0.5pg/ml)  were  run  at 
constant  voltage  (75  Volts)  for  two  hours  at  room  temperature.  Electrophoresis  resolved  samples 
into  three  distinct  bands  with  the  nicked  circular  band  widely  separated  from  the  rapidly 
migrating  supercoiled  band.  The  band  corresponding  to  linearized  plasmid  (Form-Ill)  migrated 
slower  than  Form-I,  but  faster  than  Form-II.  Following  electrophoresis,  gels  were  photographed 
using  Polaroid  665  positive/negative  film  with  a  Polaroid  MP-4  camera.  The  photographic 
negatives  were  analyzed  with  a  microdensitometer  (Molecular  Dynamics  model  300B). 
Densitometric  analysis  yielded  measurements  of  band  densities.  A  log/lin  plot  of  the  supercoiled 
(Form-I)  band  densities  (normalized  to  control)  versus  dose  provided  a  means  for  determining 
the  dose  according  to  the  equation: 

Form-I(D)  =  d(exp(-D/D3?))  (2) 

where  d  is  the  intercept,  D  is  dose,  and  l/D^  is  an  estimate  of  the  sensitivity  of  the  supercoiled 
family  to  strand  scission.  This  relationship  is  illustrated  in  Fig.  4  for  two  supercoiled  families 
of  pIBI30  (family  A,  native  plasmid,  and  family  C). 
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Figure  4.  Lou  of  supercoiled  pIBI30  DNA  (Form-I)  with  increasing  dose  of  “Co  y- irradiation.  Figure  curves  (both 
panels)  show  the  least  squares  fit  of  the  data  (according  to  equation  (2)).  Data  represented  as  closed  symbols  were 
near  or  below  the  threshold  of  reliable  detection  and  were  not  used  for  least  squares  curve-fitting.  Circles  represent 
native  pIBI30  (A  from  Fig.  3);  squares  denote  supercoiled  family  C.  Panel  I  shows  a  log/linear  plot  of  the  data. 
Panel  II  shows  the  same  data  *  one  standard  deviation  in  a  linear/linear  format. 
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Correction  factors  for  supercoQed  families  of  pIBI30 

It  is  well  known  that  the  binding  of  the  inteicalator  ethidium  bromide  to  DNA  depends 
on  the  conformational  state  of  DNA  (Morgan,  et  al.  ,  1979).  Correction  factors  for  interpreting 
ethidium  bromide/DNA  uv-excitation  intensities  for  topoisomers  of  pUCIS  are  reported  in  the 
literature  (Milligan,  Arnold,  and  Ward,  1992).  We  have  also  determined  correction  factors  for 
topoisomers  prepared  from  plasmid  pEBI30  in  our  lab  (Fig.  3).  Linearized  pIBI30  (L-pEBI30) 
was  prepared,  purified  and  brought  to  concentrations  of  0.04  and  0.03pg/5pl.  Five  supercoiled 
families  and  native  pIBI30  were  also  prepared,  purified  and  concentrated  similarly.  Finally, 
topoisomer/L-pIBI30  mixtures  were  prepared  which  contained  0.08  and  0.06pg/5pl  (combined 
DNA  species).  Agarose  gels  were  prepared  containing  20  lanes  to  provide  four  lanes  each  for 
topoisomers,  topoisomer/L-pEBI30  mixtures,  and  L-pIBI30  -  all  of  a  uniform  concentration  (0.04, 
or  0.03pg/5pl),  and  3  lanes  of  a  (0.01pg/3pl)  reference  L-pIBI30  standard;  3 pi  of  sample  were 
applied  to  a  lane.  This  experimental  protocol  facilitated  the  determination  of  correction  factors 
when  supercoiled  families  and  L-pIBI30  were  combined  and  when  they  were  separated  but 
adjacent  to  one  another. 

Analysis  was  by  agarose  gel  electrophoresis  and  microdensitometry  following  the 
protocols  already  detailed  for  irradiated  samples  with  the  exception  that  densitometric  analysis 
yielded  density  values  for  each  of  the  distinct  bands  for  Form-I,  Form-II,  and  Form-DI  pIBI30. 
Correction  factors,  (CF),  corresponding  to  weaker  binding  of  ethidium  to  supercoiled  DNA 
relative  to  the  open-circular,  or  linear  conformations,  were  determined  using  the  formula: 

CF  =  (L  -  NCySC  (3) 

where  L.  NC,  and  SC  denote  the  fluorescence  intensities  of  linear,  nicked  circular,  and 
supercoiled  pIBI30  DNA.  The  average  correction  factors  for  the  supercoiled  families  of  pIBI30 
are  shown  in  Fig.  3.  Included,  also,  are  correction  factors  reported  by  Milligan,  et  al.  (1992)  for 
pUC18  investigated  under  conditions  similar  to  ours. 


Figure  3.  Correction  factor!  versus  mean  linking  difference  for  pIBI30  (squares)  and  pUC18  (circles).  DNA 
quantities  applied  to  agarose  gels  were  O.OSpg  for  linearized  and  supercoiled  families  of  pIBI30.  Supercoiled  and 
linearized  plBI30  were  assayed  independently  in  adjacent  lanes  (this  figure)  and  combined  in  a  single  lane  (data  not 
shown).  Error  ban  for  p IB  130  indicate  one  standard  deviation.  pUCIS  data  are  from  Milligan,  Arnold,  and  Ward 
(1992). 
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When  we  undertook  the  investigation  of  collection  factors  for  topo isomers  of  pIBI30  we 
were  uncertain  of  their  value  in  the  interpretation  of  our  data.  We  remain  uncertain  although  we 
note  that,  clearly,  there  are  differences  for  CF’s  for  supercoiled  families  as  shown  in  Fig.  5. 
However,  we  note  that  the  value  of  CF  for  a  topoisomer  would  not  be  expected  to  remain 
unchanged  over  a  dose  response  curve  and,  in  fact,  for  each  dose  a  separate  determination  of  CF 
would  seem  to  be  required.  GfSSB)  values  reported  by  Milligan,  et  aL  (1992)  and 
sensitivity(Gy'')  values  reported  in  this  work  and  in  the  work  of  Miller,  et  aL  (1991)  are  derived 
from  1/D„  values  which  are  themselves  derived  from  the  slopes  of  plots  like  fig.  4  (top).  It 
would  seem  to  us  that  application  of  CF  values  as  a  data  filter  would  serve  only  to  shift  the  data 
framework  without  altering  the  slope  of  the  response  curve  or  the  value  of  lfD„.  Therefore,  we 
decided,  albeit  arbitrarily,  to  ignore  CF  values  in  the  interpretation  of  our  data. 


Figure  6.  The  iciuitivity  of  topoisomers  of  pIBI30  to  the  induction  of  tingle  strand  scission  (SSB)  by  “Co  ir¬ 
radiation.  The  data  points  were  obtained  by  a  least  squares  fit  of  the  survival  of  Form-I  DNA  versus  dose.  i.e.  from 
plots  like  those  shown  in  Fig.  4. 


RESULTS 

Our  data,  as  evident  from  Fig.  4,  suggest  that  the  degree  of  superhelicity  of  topoisomers 
of  plBDO  influences  their  sensitivity  to  ionizing  radiation.  In  Fig.  6  we  plot  the  sensitivity  of 
topoisomers  of  pIBI30  to  the  induction  of  single  strand  scission  (SSB)  by  “Co  y- radiation.  The 
data  points  were  obtained  by  a  least  squares  fit  of  the  survival  of  Form-I  DNA  versus  dose  from 
plots  like  those  shown  in  Fig.  4.  Results  shown  in  Fig.  6  agree  with  data  reported  by  Miller  and 
co-workers  (1991)  for  250  kV  X-rays.  Both  studies  report  an  approximate  linear  relationship  of 
radiation  sensitivity  as  a  function  of  linking  difference  (for  |AL|  >  2.5).  We  attribute  the 
difference  between  plot  intercept  values  primarily  to  differences  in  buffer  systems.  Miller,  et  aL 
(1991)  used  a  Tris  buffer  which  is  known  to  have  a  radioprotective  effect,  while  we  employed 
a  potassium-phosphate  buffer  offering  little  in  the  way  of  protection  from  ionizing  radiation. 
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For  small  values  of  |AL|  (Le.  values  <  2.S)  the  sensitivity  to  ionizing  radiation  appears 
to  decrease  with  an  increase  in  j  AL  | .  It  is  only  this  portion  of  our  data  that  follows  standard 
radiation  target  theory.  To  estimate  the  G-value  for  single  strand  scission,  G(SSB),  we  note  that 
at  the  Dj,  dose  there  is  an  average  of  one  SSB  per  plasmid  (i.e.  the  concentration  of  SSB  at  D 
=  Dr  is  equal  to  the  concentration  of  plasmid  molecules),  hence 

G(SSB)  =  [DNA]/(D„Gy-‘Xp/kg  dm'3)  (4) 

where  p  is  the  density  of  the  solution  (taken  to  be  unity)  and  [DNA]  is  DNA  concert  tration/jjmol 
dm'3.  Milligan,  et  al.  (1992)  found  G(SSB)  to  be  insensitive  to  superhelical  density  for  pUC18 
(2686  base  pairs)  with  a  value  of  about  4x10"*  pmol  J'1.  By  contrast  our  results  for  pIBI30  (2926 
bp)  show  a  dependence  of  G(SSB)  on  superhelical  density  (data  derived  from  Fig.  6,  but  not 
shown).  For  families  A  and  C  of  Fig.  3  we  find  G(SSB)  to  be  8. 8x10°,  and  6. 0x1  O' 3  pmol  J'1 
respectively. 


DISCUSSION 

Under  our  experimental  conditions  (sparsely  ionizing  radiation,  low  DNA  concentration, 
and  a  solvent  with  only  modest,  at  best,  scavenging  capacity)  attack  by  reactive  species  produced 
in  the  aqueous  environment  of  the  macromolecule  is  a  much  more  likely  pathway  for  DNA 
damage  than  direct  ionization.  The  compact  tertiary  structure  of  supercoiled  DNA,  which  is 
evident  from  electron  micrographs  (Stryer,  1981)  illustrated  in  Fig.  7,  should  make  it  less 
sensitive  to  this  indirect  mode  of  radiation  damage  than  relaxed  closed-circular  DNA  which  has 
a  more  extended  conformation.  This  protective  effect  of  supercoiling  can  be  understood  by 
considering  the  volume  of  solvent  within  which  products  of  water  radiolysis  (mainly  OH  radicals) 
have  a  finite  probability  of  reaching  DNA  before  they  are  scavenged  by  small-molecule  solutes. 
For  the  relaxed  conformation  of  DNA  (A  of  Fig.  7)  this  volume  is  roughly  approximated  by  a 
tube  surrounding  the  double  helix  with  a  radius  equal  to  the  average  diffusion  distance  of  OH 
radicals.  For  supercoiled  DNA  (B  of  Fig.  7)  the  separation  between  duplexes  in  an  interwound 
branch  may  be  less  than  the  OH  diffusion  length.  In  this  case  the  target  volume  per  nucleotide 
is  smaller  than  it  is  in  the  relaxed  state  and  a  greater  portion  of  the  absorbed  dose  is  lost  in  the 
production  of  radical  species  that  are  scavenged  before  they  can  react  with  DNA. 

The  tendency  of  negative  supercoiling  to  produce  strand  separation  may  also  reduce  the 
sensitivity  of  supercoiled  DNA  to  radiation-induced  strand  scission  relative  to  the  relaxed  state. 
This  protective  mechanism  follows  from  the  shielded  base  hypothesis  (Ward,  1975,  Ward  and 


Figure  7.  Electron  micrograph  of  mitocondria  plasmid  DNA  illustrating  the  difference  between  fully  relaxed  and 
supercoiled  conformational  states. 


Kuo,  1978)  which  asserts  that  the  yield  of  radiation-induced  base  damage  is  limited  by  the 
solvent  accessibility  of  sites  for  OH  radical  addition  in  the  standard  B-DNA  double  helix.  Strand 
separation  increases  the  accessibility  of  these  sites  which  increases  the  probability  that  OH  radical 
attack  on  DNA  leads  to  modified  bases  rather  than  backbone  cleavage. 

If  the  above  considerations  of  target  volume  and  solvent  accessibility  are  valid  and  our 
observations  of  an  increase  in  the  sensitivity  of  plasmid  DNA  to  radiation-induced  strand  breaks 
with  negative  superhelicity  for  both  X-  and  yradiation  are  not  due  to  an  experimental  artifact, 
then  the  physiological  levels  of  negative  supercoiling  (superhelical  densities  of  the  order  of  -0.05) 
must  affect  DNA  interactions  leading  to  strand  breaks  in  ways  that  more  than  compensate  for  the 
protective  effects  of  compactness  and  single-strandedness.  One  possible  mechanism  by  which  this 
might  occur  is  through  a  change  in  the  energetics  of  the  ^-phosphate  elimination  pathway  (Beesk, 
et  al.  ,  1979)  that  follows  hydrogen  abstraction  from  the  C4’  position  of  sugar  moieties.  Even 
though  in  duplex  B-DNA,  hydrogens  on  sugar  moieties  are  about  10  times  more  accessible  to 
solvent  than  base  aromatic  carbon  atoms  (Ward,  1985),  not  more  than  20%  of  the  OH  radicals 
reaching  DNA  react  with  sugars  (Schulte-Frohlinde,  1988).  This  suggests  that  OH  addition  to 
the  double  bonds  of  DNA  bases  is  energetically  favored  in  relaxed  DNA  over  abstraction  of 
hydrogen  from  ribose.  However,  in  supercoiled  DNA  hydrogen  .abstraction  from  sugar  opens  a 
channel  (backbone  cleavage)  to  a  much  lower  energy  state  of  life  molecule  than  can  be  achieved 
by  base  modifications  resulting  from  OH  addition  to  double  bonds.  This  may  provide  a 
thermodynamic  driving  force  that  makes  strand  scission  more  competitive  with  base  damage  as 
the  elastic  energy  stored  in  supercoiled  DNA  increases. 

Exceptions  to  the  general  rule  that  base  damage  does  not  lead  to  strand  scission  have  been 
found  for  the  single-stranded  homopolymers  poly(U)  and  poly(dA)  (Adinarayana,  et  al.  ,  1988). 
In  these  systems  base  radicals  resulting  from  OH  addition  are  able  to  abstract  hydrogen  from 
sugar  moieties.  Thus  far,  this  process  has  not  been  detected  in  double-stranded  DNA,  where  the 
more  rigid  tertiary  structure  probably  makes  it  more  difficult  for  carbon-centered  base  radicals 
to  get  close  enough  to  sugar  moieties  to  allow  hydrogen  abstraction.  Evidence  for  the  importance 
of  strand  flexibility  in  base-to-sugar  radical  transfer  is  seen  from  the  salt  dependence  of  the 
lifetime  of  peroxyl  radicals  in  poly(U)  (Schulte-Frohlinde,  et  al.  ,  1986)  and  the  higher  yield  of 
strand  breaks  in  poly(dA)  relative  to  poly(A)  (Adinarayana,  et  al.  ,  1988).  In  the  latter  case 
differences  in  sugar  pucker  and  base  stacking  make  poly(A)  a  more  rigid  polymer  (Evans  and 
Sarma,  1976).  Although  the  single-stranded  characteristics  that  negative  supercoiling  confers  to 
duplex  DNA  probably  increase  OH  addition  to  bases  at  the  expense  of  hydrogen  abstraction  from 
sugar,  a  significant  fraction  of  the  primary  base  damage  may  be  converted  to  strand  breaks  by 
base-to-sugar  radical  transfer.  The  preference  for  strand  separation  in  regions  of  low  GC  content 
and  the  observed  decay  of  base  radicals  to  strand  breaks  in  poly(dA)  support  this  mechanism  of 
sensitization  by  negative  supercoiling. 

Our  data  suggest  that  DNA  response  to  ionizing  radiation  can  be  a  strong  function  of  its 
conformational  state  in  addition  to  its  intrinsic  base  pair  composition.  For  these  reasons  the  lack 
of  a  dependence  of  pUC18  radiation  sensitivity  on  superbelical  density  (Milligan,  et  al.  ,  1992) 
and  our  data  on  plasmid  pIBI30  showing  just  such  a  relationship,  in  fact,  might  have  been 
expected.  An  understanding  of  the  consequences  of  other  variables  (not  investigated)  including 
plasmid  size  and  base  composition,  temperature,  DNA  and  scavenger  concentrations,  and  ionic 
environment  might  elucidate  the  reasons  for  the  apparent  discrepancies  between  our  results  and 
those  of  Milligan  and  co-workers  (1992). 

We  have  recently  shown  (unpublished  data,  see  also  Holwitt,  Koda,  and  Swenberg,  1990) 
that  the  radioprotectants  WR-1065  [N-(2-mercaptoethyl)-l,3-diaminopropane]  and  its  disulfide, 
WR-33278,  modulate  the  relaxation  of  supercoiled  pIBI30  DNA  by  calf  thymus  topoisomerase-I. 
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Topoisomerase-I  is  a  ubiquitous  eukaryotic  enzyme  that  relaxes  supercoiied  DNA  by  single-strand 
cleavage  and  re-ligation  (Maxwell  and  Gellert,  1986,  D’Arpa  and  Liu,  1989).  Most  mechanisms 
of  radioprotection  proposed  for  WR-1065  have  focused  on  its  scavenging  properties  (Philip,  1980, 
Durand,  1983).  Because  supercoiied  domains  exist  in  both  prokaryotic  and  eukaryotic  cells,  the 
results  reported  here  and  the  observed  stimulation  of  topo-I  induced  unwinding  of  supercoiied 
DNA  (Holwitt,  Koda,  and  Swenberg,  1990)  suggest  that  the  WR  compounds  may  confer  some 
protection  to  the  genome  by  decreasing  the  superhelicity  of  DNA.  The  data  that  we  report  in  this 
paper  leads  us  to  believe  that  a  decrease  in  DNA  supercoiling  should  result  in  a  decrease  in  DNA 
damage.  If  this  is  the  case,  then  the  critical  DNA  damage  sites  would  correspond  to 
chromosomal  regions  where  the  superhelicity  is  large.  Alternately,  a  decrease  in  superhelicity 
may  change  the  functional  properties  of  DNA.  This  mechanism  suggests  changes  in  metabolic 
processes,  a  virtually  unexplored  field  although  there  have  been  reports  that  WR-1065  enhances 
DNA  repair  (Lowenstein,  et  al.  ,  1989,  Riklas,  et  al.  ,  1988,  Swenberg,  1989).  The  actual 
process  responsible  for  DNA’s  radiation  sensitivity  to  increase  when  confined  to  very  small 
domains,  and  the  molecular  mechanism  underlying  the  stimulation  of  eukaryotic  type  I 
topoisomerase  by  WR-1065  and  WR-33278  are  not  known. 
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Summary 

Rats  receiving  lethal  irradiation  to  their  exteriorized  small  intestine  with  pulsed  18  MVp  bremsstrahlung  radiation  live  about 
4  days  longer  than  rats  receiving  a  dose  of  total-body  irradiation  (TBI)  causing  intestinal  death.  The  LD*,  for  intestinal 
irradiation  is  approximately  6  Gy  higher  than  the  LDjo  for  intestinal  death  after  TBI.  Survival  time  after  exteriorized  intestinal 
irradiation  can  be  decreased,  by  adding  abdominal  irradiation.  Adding  thoracic  or  pelvic  irradiation  does  not  alter  survival  time. 
Shielding  of  large  intestine  improves  survival  after  irradiation  of  the  rest  of  the  abdomen  while  the  small  intestine  is  also  shielded. 
The  kinetics  of  histological  changes  in  small  intestinal  tissues  implicate  the  release  of  humoral  factors  after  irradiation  of  the 
abdomen.  Radiation  injury  develops  faster  in  the  first  (proximal)  40  cm  of  the  small  intestine  and  is  expressed  predominantly 
as  shortening  in  villus  height.  In  the  last  (distal)  40  cm  of  the  small  intestine,  the  most  pronounced  radiation  effect  is  a  decrease 
in  the  number  of  crypts  per  millimeter.  Irradiation  (20  Gy)  of  the  proximal  small  intestine  causes  92%  mortality  (median  survival 
10  days).  Irradiation  (20  Gy)  of  the  distal  small  intestine  causes  27%  mortality  (median  survival  >  30  days).  In  addition  to 
depletion  of  crypt  stem  cells  in  the  small  intestine,  other  issues  (humoral  factors,  irradiated  subsection  of  the  small  intestine 
and  shielding  of  the  large  intestine)  appear  to  influence  radiation-induced  intestinal  mortality. 


Introduction 

In  the  past,  the  crypt  stem  cell  of  the  small  intestine  has 
been  identified  as  the  critical  target  for  radiation  injury 
of  the  intestine  [2.7,9.26].  In  experiments  with  well- 
defined  moderately  homogeneous  total-body  irradiation 
(TBI),  shielding  of  short  pieces  of  small  intestine 
improves  survival  after  TBI  [  1,14,18,22].  The  increase 
in  survival  time  is  directly  correlated  to  the  length  of 
intestine  shielded,  and  shielding  the  ileum  (distal  small 
intestine)  is  more  effective  than  shielding  the  duodenum 
(proximal  small  intestine)  [22].  The  interpretation 
offered  for  these  results  is  that  the  number  of  crypt  stem 
cells  that  survive  radiation  in  the  small  intestine  is  not 
the  sole  determinant  of  radiation  morbidity  or  mortality. 
Additional  factors  appear  to  modify  the  intestinal  radia¬ 


tion  response.  The  present  experiments  in  rats  were 
designed  to  test  the  possibility  that  (1)  humoral  sub¬ 
stances  released  by  irradiated  parts  of  the  body  can 
modify  radiation-induced  intestinal  mortality  and  (2) 
different  parts  of  the  small  intestinal  tract  have  different 
radiation  sensitivities.  For  these  purposes,  isolated 
loops  of  small  intestine  with  or  without  other  parts  of 
the  body  received  single,  high-dose  radiation,  while  the 
rest  of  the  animal  was  shielded. 

Material  and  methods 

Animals 

Specific  pathogen  free  Sprague-Dawley  rats  6-8  weeks 
old  and  weighing  25O-3S0  g  were  quarantined  on  arri¬ 
val  and  screened  for  the  absence  of  disease  and  Pseudo- 
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monasspp.  before  being  released.  They  were  maintained 
in  an  AAALAC-accredited  facility,  caged  in  pairs  with 
filter  covers,  and  provided  commercial  rat  food  pellets 
and  acidified  tap  water  (pH  2.5)  ad  libitum.  Animal 
holding  rooms  were  maintained  at  21  ±2  °C  with  SO 
±  10%  relative  humidity  using  at  least  10  air  changes 
per  hour  of  100%  conditioned  fresh  air.  They  were  on 
a  12  h  light/dark  full-spectrum  light  cycle  with  no 
twilight.  Lights  were  on  between  7:00  a.m.  and 
7 : 00  p.m. 

Surgery  and  anesthesia 

General  anesthesia  was  maintained  during  surgical  pro¬ 
cedures  using  ketamine  hydrochloride  (50  mg/kg)  in 
combination  with  xylazine  hydrochloride  (10  mg/kg) 
given  intramuscularly  and  supplemented  as  needed. 
Aseptic  procedures  were  used.  A  midline  abdominal 
incision  was  made  and  the  portion  of  the  small  intestine 
to  be  shielded  or  irradiated  was  exteriorized. 
Hemorrhage  was  not  normally  a  problem  in  this  surgi¬ 
cal  procedure:  however,  if  it  occurred,  4-0  chromic  gut 
suture  material  was  used  to  ligate  bleeding  vessels.  The 
animal  was  irradiated  as  described  below.  After  ir¬ 
radiation,  the  small  intestine  was  repositioned  in  the 
abdominal  cavity  and  the  abdominal  wall  was  closed 
using  single  interrupted  4-0  monofilament  nylon  su¬ 
tures.  The  skin  was  closed  with  clamps.  Anesthesia  was 
maintained  for  the  entire  time  (approximately  40  min). 
Pedal  reflexes  were  monitored  to  assure  maintenance  of 
adequate  anesthesia  depth.  Animals  were  allowed  to 
regain  consciousness  in  individual  cages  after  com¬ 
pletion  of  the  irradiation  exposure  and  surgical  closure. 

Irradiation 

A  linear  accelerator  was  operated  at  18  MVp,  60  pul¬ 
ses/sec,  4  psec  pulse  width,  and  a  nominal  dose  rate  of 
10  Gy /min.  A  bremsstrahlung  beam  was  generated  by 
impinging  18  MeV  electrons  onto  a  4-mm  thick  water- 
cooled  tantalum  target.  The  average  photon  energy  was 
6  MeV.  The  target  to  skin  distance  was  325  cm.  The 
dose  per  pulse  was  determined  before  irradiation  of 
each  group  of  animals.  The  restraint  device  allowed  for 
shielding  of  the  exteriorized  portion  of  the  small  intes¬ 
tine  or  shielding  of  different  parts  of  the  body  with  slabs 
of  lead  during  irradiation.  Lead  slabs  0.5,  1.0,  2.0,  3.0, 
or  10.0  cm  thick  were  used.  Figure  1  shows  the  physical 
setup.  The  exteriorized  intestine  was  contained  in  a 
30-ml  glass  beaker  filled  with  Ringer’s  lactate  at  a  tem¬ 
perature  of  37  °C.  Every  radiation  exposure  was  moni¬ 
tored  by  two  ionization  chambers  in  the  field  that  were 
calibrated  to  the  midline  dose  in  an  acrylic  rat  or  intesti¬ 
nal  phantom  for  each  irradiation  day.  The  actual  dose 
delivered  was  ±  3%  of  the  prescribed  dose. 


A.  Vt*«r  facing  beam  port 


»10-cjn  ttad  SOM 
(baftra  rat  noon 


Rat  nooar 

(hota  cut  ft  bottom  lor 


itanoruad  nwatata) 


Fig.  1.  Physical  set  up  for  exposure  of  small  intestine  to  18  MeV 
linear  accelerator. 


Dose  measurements  were  made  with  ionization 
chambers  and  thermoluminescent  dosimeters  (TLDs) 
placed  in  an  acrylic  rat  or  intestinal  phantom.  Ioni¬ 
zation  chambers  were  used  to  determine  the  dose  rate 
according  to  the  protocol  established  by  T ask  Group  2 1 
of  the  American  Association  of  Physicists  in  Medicine 
[19],  The  TLDs  were  used  to  determine  dose  uniformity 
and  the  effectiveness  of  the  shielding.  Single  doses 
between  15  and  60  Gy  were  used.  Doses  higher  than 
60  Gy  were  not  used  because  of  the  logistics  of  working 
with  animal  tissue  radioactivity  induced  by  neutron  ac¬ 
tivation  [27]  and  the  higher  doses  delivered  to  the 
shielded  areas.  Experiments  of  a  maximum  of  12  rats 
were  planned  per  day  and  always  performed  during  the 
same  time  of  day.  All  animals  were  irradiated  between 
10 : 00  a.m.  and  3 : 00  p.m. 

In  addition  to  the  exteriorized  small  intestine,  three 
different  5  x  5  cm  fields,  were  irradiated:  (l)the 
thorax,  which  included  heart,  mediastinum,  and  lungs; 
(2)  the  abdomen,  which  included  liver,  gall  bladder, 
spleen,  stomach,  kidney,  adrenal  gland,  pancreas,  and 
colon;  and  (3) the  pelvis,  which  includes  bladder, 
rectum,  and  testes.  The  irradiated  exteriorized  small 
intestine  consisted  of  the  entire  80  cm  of  small  intestine 
that  can  be  exteriorized  or  the  (proximal)  first  40  cm. 
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the  middle  40  cm  or  the  last  (distal)  40  cm  of  the  small 
intestine. 

Animal  care  after  irradiation 

Rats  remained  in  individual  cages  after  irradiation. 
They  were  evaluated  for  appetite,  hydration,  health 
status,  and  diarrhea  twice  a  day  during  the  normal  work 
week  and  once  daily  during  die  weekends.  Moribund 
animals  and  animals  that  had  completed  the  experiment 
(>30  days  after  irradiation)  were  killed  by  C02 
inhalation.  Approximately  15%  of  the  animals  were 
killed  before  day  30  when  they  were  considered  mori- 
bund.  The  other  85%  was  found  dead  on  inspection 
rounds  or  killed  at  the  completion  of  the  experiments. 

Morphometric  analysis 

Computer-assisted  morphometric  studies  [Bioquant 
System  IV;  R&M  Biometrics,  Inc.,  Nashville,  TN 
(1985)]  were  performed  on  tissues  obtained  from  ani¬ 
mals  killed  at  predetermined  days.  The  small  intestine 
samples  were  taken  at  20, 40,  and  60  cm  of  an  average 
80-cm  total  length.  The  samples  at  20  cm  (proximal) 
and  60  cm  (distal)  were  selected  for  complete  histologi¬ 
cal  and  statistical  analysis.  The  tissues  were  fixed  in 
10%  buffered  formalin.  Transverse  sections  were 
embedded  in  paraffin.  Five-micron  sections  were  cut, 
placed  on  glass  slides,  and  stained  with  hematoxylin 
and  eosin.  At  least  five  slides  per  animal  were  analyzed 
for  each  sample.  Tissues  of  three  or  more  animals  were 
used  for  each  parameter  evaluated:  the  intestinal  cir¬ 
cumference,  crypts  per  millimeter,  villus  height,  and  the 
number  of  cells  per  crypt- villus  length.  A  crypt  con¬ 
taining  only  necrotic  cells  (crypt  abscess)  was  not 
counted.  The  base  of  the  villus  was  determined  by  com¬ 
paring  several  adjacent  villi  and  drawing  a  line  through 
the  estimated  bases  of  several  villi.  Villus  height  and 
villus-crypt  length  were  measured  in  millimeters  from 
the  tip  to  the  base  of  the  villus  and  the  muscularis 
mucosa,  respectively.  Tissues  taken  from  the  proximal 
and  distal  small  intestines  from  four  experimental 
groups  were  analyzed:  (1)  rats  receiving  20  Gy  irradia¬ 
tion  to  80  cm  of  exteriorized  small  intestine,  (2)  rats 
receiving  20  Gy  of  abdominal  irradiation  while  80  cm  of 
exteriorized  small  intestine  were  shielded,  (3)  rats 
receiving  20  Gy  irradiation  to  the  abdomen  and  the 
80  cm  of  exteriorized  small  intestine,  and  (4)  rats  receiv¬ 
ing  anesthesia,  surgery,  and  sham-irradiation. 

Statistics 

LDjo  values  were  determined  by  probit  analysis 
(Fig.  2).  Differences  in  means  of  survival  times  or  mor¬ 
phometric  parameters  between  two  experimental 
groups  or  between  an  experimental  group  and  a  control 


Fig.  2.  Influence  of  small  intestinal  irradiation  or  TBI  on  survival. 
Survival  times  of  individual  animals  are  shown  by  closed  circles.  Bar 
height  indicates  mean  survival  time.  Experiments  are  terminated 
alter  day  30. 


group  were  analyzed  for  statistical  significance  by  the 
Student’s  /-test  (Fig.  2  and  Table  IV).  Nonparametric 
tests  (Mann- Whitney  rank  test)  were  used  for  deter¬ 
mining  differences  between  experimental  groups  with 
survival  times  not  normally  distributed  (Figs.  2,3  and 
4).  For  Fig.  5,  a  linear-regression,  analysis  was  per¬ 
formed.  In  the  analysis  of  Fig.  6A.B,  r-tests  and  an 
analysis  of  variance  (ANOVA)  was  performed. 

Results 

Dosimetry r 

Tables  I  and  II  summarize  the  TLD  studies.  The 
isolated  intestinal  loop  received  a  moderately  homo¬ 
geneous  radiation  dose;  the  ratio  between  the  maximum 


Part  of  intestine  irradiated  (cm) 


Fig.  3.  Influence  of  partial  small  intestinal  irradiation  with  20  Gy  on 
survival.  Survival  times  of  individual  animals  are  shown  by  closed 
circles.  Bar  height  indicates  median  survival  time.  Ex  pen  menu  are 
terminated  after  day  30. 
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Fig.  4.  Survival  after  a  20  Gy  dose  of  radiation  to  exteriorized  small 
intestine  and  irradiation  of  additional  body  parts.  Survival  times  of 
individual  animals  are  shown  by  closed  circles.  Bar  height  indicates 
mean  survival  time.  Experiments  are  terminated  after  day  30. 


Dos*  to  abdomen  (Gy ) 

Fig.  S.  Influence  of  the  radiation  dose  received  by  the  abdomen  on 
survival  after  20  Gy  radiation  to  exteriorized  small  intestine.  Survi¬ 
val  time  of  individual  animals  is  shown  by  closed  circles.  Bar  height 
indicates  mean  survival  time.  Experiments  are  terminated  after 
day  30. 


and  minimum  measured  dose  was  1.11  (105:95; 
Table  I.  last  column).  The  shielding  of  the  rat's  body 
was  effective,  as  7%  or  less  of  the  central-axis  open- 
held  dose  was  measured  in  the  shielded  rat  phantom. 
Adding  an  abdominal  field  of  5  x  5  cm  contiguous  to  the 
irradiation  field  of  the  exteriorized  intestinal  loop  result¬ 
ed  in  an  abdominal  dose  of  approximately  90%  of  the 
intestinal  dose.  Shielding  appeared  to  be  effective  in  this 
array  as  well.  Eight  percent  or  less  of  the  open-field  dose 
was  measured  behind  the  shield.  Highest  doses  were 
found  close  to  the  block  edges. 

Irradiation  of  exteriorized  small  intestine 
The  maximum  length  of  small  intestine  that  can  be 
exteriorized  in  the  rat  is  approximately  80  cm.  The  sto¬ 
mach  and  the  first  5-8  cm  of  the  small  intestine,  the 
latter  due  to  its  retroperitoneal  location,  cannot  be 


A. 


Fig.  6.  Changes  in  the  number  of  crypts/mm  (A)  and  villus  height 
(B )  after  intestinal  irradiation.  Mean  values  with  standard  error  bars 
are  given  of  the  daily  mean  minus  the  normal  mean  (day  0).  Day  0 
values  of  control  animals  are  given  in  parentheses. 


exteriorized  without  irreversibly  disturbing  the  normal 
anatomy.  Figure  2,  panel  A  summarizes  the  effect  of 
radiation  on  80  cm  of  exteriorized  small  intestine.  For 
comparison.  Fig.  2,  panel  B  also  shows  results  obtained 
in  a  previous  study  of  TBI  using  the  same  rat  model 
[22].  Irradiating  the  isolated  small  intestine  caused 
morbidity  (watery  diarrhea  and  lethargy)  and  mortality 
at  higher  radiation  doses  and  at  a  later  time  than  after 
TBI. 

The  LD5010  and  95%  confidence  limits  after 
exteriorized  intestinal  irradiation  were  17.9  Gy 
(17.1-19.5).  The  LD^  and  95%  confidence  limits 
after  TBI  were  12.3  Gy  (12.0-12.9).  The  LD*,,*,  and 
95  %  confidence  limits  after  TBI  (using  all  the  data 
given  in  reference  22)  were  9.9  Gy  (9.0-10.5).  Probit 
analysis  for  the  LD$0/6  data  is  of  limited  value  due  to 
0%  or  100%  responses  for  most  data.  Just  averaging 
the  difference  between  the  highest  dose  leading  to  a 
bone  marrow  syndrome  ( 1 1  Gy)  and  the  lowest  dose 
leading  to  an  intestinal  syndrome  ( 1 3  Gy )  gives  a  LDM/6 
of  12  Gy  (instead  of  12.3  Gy  with  probit  analysis). 

The  mean  survival  time  after  high  dose  intestinal 
irradiation  was  8.5  days  and  the  mean  survival  time  for 
the  intestinal  syndrome  after  TBI  is  5  days.  This 
difference  is  statistically  significant  (p  <  0.01).  Thus, 
the  LDjo  was  approximately  5.5  Gy  higher  for  ir¬ 
radiation  of  the  exteriorized  small  intestine  and  survival 
time  was  approximately  3-4  days  longer  than  after  TBI. 
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TABLE  1 


Dosimeters  in  rat  phantom  and  intestinal  loop  phantom* 


Thermoluminescent 
dosimeter  placement 

Rat  body"  (shielded) 

Intestinal  loop“ 

(irradiated) 

Location 

Dose  (%) 

Location 

Dose  (%) 

Top  -» bottom 

0.8“ 

4 

midline  field 

1.8“ 

4 

2.5“ 

4 

3.2“ 

5 

4.1“ 

7 

0.1“ 

98 

Central  axis 

100 

(2.5)“ 

4.6“ 

105 

Left  -*  right 

lc  (nose) 

6 

mid-level  phantom 

3' 

5 

0.3“ 

105 

5* 

5 

0.8* 

100 

7.5“  (mid) 

5 

1.5“ 

100 

9“ 

5 

2.1“ 

104 

11“ 

5 

2.6* 

102 

13“ 

5 

15“  (tail) 

5 

Entry  -* exit 

0.8f 

4 

0.3f 

100 

mid-level  phantom 

1.8f 

4 

0.9f 

101 

2.5r 

5 

1.5f 

100 

3.2r 

5 

2.lf 

97 

4.1r 

6 

2.6r 

95 

*  Radiation  set  up  as  in  Fig.  I.  Doses  in  percent  of  central  intestinal  dose. 
h  Acrylic  cylinder  (nose  end  tapered),  diameter  5.0  cm,  height  16.0  cm. 
h  Acrylic  flat  end  cylinder,  diameter  3.0  cm,  height  5.0  cm  in  glass  flask. 

“  Centimeters  from  top  of  midline  field. 

“  Centimeters  from  left  of  phantom. 

1  Centimeters  from  entry  of  phantom.  TABLE  II 


The  survival  time  of  animals  receiving  20  Gy  to  their 
small  intestine  was  longer  than  the  survival  of  animals 
receiving  30  Gy  ( p  <  0.01).  The  difference  between  the 
20  and  60  Gy  group  did  not  reach  statistical  signifi¬ 
cance,  presumably  due  to  the  limited  number  of  animals 
tested.  In  contrast,  survival  times  of  rats  given  TBI  of 
13,  15,  17,  20,  or  30  Gy  were  not  significantly  different. 
Data  for  the  20-Gy  and  30-Gy  TBI  groups  are  not 
shown  in  Fig.  2.  Results  in  Fig.  3  indicate  that  the  most 
sensitive  part  of  the  small  intestine  was  the  proximal 
20-40  cm  of  the  small  intestine.  After  20  Gy  the  median 
survival  time  was  10  days.  Irradiation  of  the  middle 
40  cm  or  distal  40  cm  with  20  Gy  caused  mortality  sig¬ 
nificantly  later  in  some  animals  ( p  <  0.001).  However, 
most  of  the  animals  receiving  20  Gy  to  the  middle  or 
distal  40  cm  of  the  small  intestine  survived  longer  than 
30  days. 

Irradiation  of  small  intestine  and  other  body  compartments 
Different  body  compartments  were  irradiated  in  ad¬ 
dition  to  the  whole  80  cm  of  small  intestine.  Figure  4 
summarizes  these  results.  Thoracic  irradiation  (5  x 


Dosimetry  in  rat  phantom  for  irradiating  rat  abdomen.-' 


Thermoluminescent 
dosimetry  placement 

Location  (cm) 

Dose" 

Abdomen 

Top 

•7 

Top  -•  bottom 

Midline  (open  field) 

Bottom 

90 

Abdomen 

1  (nose) 

5 

Left  -•  right 

3 

4 

at  midplane 

5 

5 

Phantom 

7 

8 

(Open  field  from  8.0-13.0  cm) 

9 

90 

11 

85 

13 

27 

15  (tail) 

6 

Abdomen 

Entrance 

87 

Entry  -» exit 

Midline  (open  field) 

Exit 

85 

“  Dosimetry  performed  in  a  5  x  5  cm  field  with  thermoluminescent 
dosimeters.  Radiation  set  up  as  in  Fig.  1.  Phantom  tame  as 
used  in  Table  1. 

h  Dose  in  percent  of  dose  of  exteriorized  small  bowel  simul¬ 
taneously  irradiated  in  extension  of  5  x  5  cm  abdominal  field. 
Rest  of  body  shielded  with  10  cm  of  lead.  Open  field  values  in  bold 
print. 
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TABLE  III 

Small  intestinal  circumference  in  millimeter  ±  SE*  after  irradiation 
to  abdomen  or  small  intestine. 


Experimental  group 

Proximal 

Distal 

small  intestine 

small  intestine 

1  Control  day  0 

2  Abdominal  irradiation 

9.00  ±  0.01 

9.50  ±  0.02 

(20  Gy) 

small  intestine  shielded 

16.50  ±  0.10 

27.50  ±  0.10 

day  5 

3  Small  intestine  irradiation 

(20  Gy) 

body  shielded  day  5 

11.50  ±0.05 

14.00  ±  0.05 

*  Three  animals  per  entry,  IS  observations;  differences  between 
group  1  and  2  are  different  with  a  p  value  of  <0.001  in  a  r-test  for 
proximal  as  well  as  distal  small  intestine. 


5  cm  field,  20  Gy)  or  pelvic  irradiation  (5  x  5  cm  field, 
20  Gy)  did  not  change  survival  time  after  small  intesti¬ 
nal  irradiation.  However,  abdominal  irradiation  (S  x 
5  cm  field.  20  Gy)  reduced  survival  time  from  approxi¬ 
mately  10  days  to  5  days  and  made  it  similar  to  survival 
times  after  15  or  20  Gy  of  TBI.  Death  before  day  10 
after  irradiation  was  observed  in  animals  receiving  TBI, 
intestinal  irradiation,  or  partial  body  irradiation  in  ad¬ 
dition  to  irradiation  of  the  exteriorized  small  intestine. 
Two  days  preceding  the  day  of  death,  all  irradiated 
animals  showed  watery-thin  diarrhea  and  lethargy. 
Irradiation  with  20  Gy  of  the  abdominal  field  alone  with 
80  cm  of  the  small  intestine  exteriorized  and  shielded 
caused  late  mortality  (>10  days)  in  some  animals. 
Their  cause  of  death  could  not  be  determined.  When,  in 
addition  to  80  cm  of  small  intestine,  15  cm  of  proximal 
large  intestine  were  exteriorized  and  shielded  and  the 
rest  of  the  abdomen  received  20  Gy,  all  animals  sur¬ 
vived  >  30  days.  Irradiation  (20  Gy)  of  the  exteriorized 
large  intestine  alone  did  not  induce  any  mortality  within 


30  days  after  radiation.  Shielding  of  the  large  intestine, 
while  the  small  intestine  and  the  rest  of  the  abdomen 
received  20  Gy,  did  not  influence  the  survival  time  of 
rats,  when  compared  to  animals  without  large  intestinal 
shielding  (data  not  shown).  In  separate  experiments, 
the  amount  of  radiation  received  by  the  abdomen  in  the 
5  x  5  cm  field  was  decreased  by  placing  lead  slabs  0.5, 
1.0,  2.0,  3.0,  or  10.0  cm  thick  in  the  field.  The  ex¬ 
teriorized  small  intestine  always  received  20  Gy.  Figure 

5  summarizes  the  results  and  shows  that  the  mean 
survival  time  correlated  inversely  with  the  dose  given  to 
the  abdomen.  By  regression  analysis  a  correlation 
coefficient  of  -  0.94  is  found  with  a  p  value  of  <0.01. 

Morphometries  of  shielded  intestine 
The  circumference  of  the  shielded  small  intestine  in¬ 
creased  after  a  20  Gy  dose  of  abdominal  radiation.  Five 
days  after  irradiation,  the  increase  was  more  pro¬ 
nounced  in  the  distal  than  in  the  proximal  part  of  the 
small  intestine  (Table  III).  In  the  villi  of  the  proximal 
small  intestine,  shrinkage  was  observed  (decrease  in 
villus  length  with  increasing  numbers  of  cells  per  mil¬ 
limeter  in  comparison  to  controls),  while  in  the  villi  of 
the  distal  small  intestine,  elongation  and  an  increased 
number  of  cells  were  observed  (concentration  of  cells 
per  millimeter  was  same  as  in  control,  see  Table  IV). 
Smaller  differences  in  the  same  direction  as  noted  in 
Tables  III  and  IV  were  seen  on  postirradiation  days  3, 

6  and  8.  The  day  of  the  largest  difference  (day  5)  was 
selected  for  presentation. 

Morphometries  of  irradiated  intestine 
Direct  irradiation  of  the  exteriorized  small  intestine 
caused  different  histological  abnormalities  in  the  proxi¬ 
mal  and  the  distal  small  intestine.  In  the  proximal 
region,  a  larger  decrease  in  villus  length  was  observed 
while,  in  the  distal  region,  the  decrease  in  the  number 
of  crypts  per  millimeter  was  more  pronounced.  This 


TABLE  IV 


Villus  height  (mm)  and  cells  per  villus-crypt  after  irradiation  to  abdomen  or  small  intestine.* 


Experimental  crypt  group 

Villus  height 

Cells  per  villus 

Proximal  intestine 

Distal  intestine 

Proximal  intestine 

Distal  intestine 

1  Control 

0.44 

0.24 

58.4 

33.6 

day  0 

(0.03) 

(0.01) 

(3.2) 

(1.6) 

2  Abdominal  irradiation  (20  Gy) 

0.15 

0.34 

25.6 

68.8 

small  intestine  shielded  day  5 

(0.02) 

(0.04) 

(16) 

(4.8) 

3  Small  intestine  irradiation  (20  Gy) 

0.13 

0.11 

16.8 

11.2 

body  shielded  day  5 

(0.02) 

(0.02) 

(3.2) 

(2.4) 

•  Three  animals  per  entry,  15  observations,  standard  error  between  brackets.  Differences  between  group  1  and  2  are  significant  in  a  /-test 
at  a  p  value  of  <0.001,  except  for  cells  per  villus  crypt  in  the  distal  intestine,  where  p  value  is  <0.01. 
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TABLE  V 

Paradox  between  effects  of  irradiation  and  shielding.* 


Experimental  protocol 

Mean  survival  time  (days) 

Proximal 

Distal 

intestine 

intestine 

20  Gy  radiation  to 

exteriorized  small 
intestine  with  rest 
of  body  shielded 

10 

>30 

IS  Gy  TBI  and  intestinal 

shielding 

6 

7 

*  See  text  for  explanation. 


decrease  of  crypts  per  mm  in  the  distal  region  started 
later  than  the  decrease  in  villus  length  in  the  proximal 
region;  although,  for  both  (crypts  per  millimeter  and 
villus  length)  the  maximum  decrease  was  found  day  5-6 
postirradiation.  Plotted  in  Fig.  6A,B  are  daily  means 
minus  the  normal  mean  (day  0)  plus  and  minus  one 
standard  error.  For  villus  height  (Fig.  6B),  normalized 
distal  values  were  higher  than  those  for  normalized 
proximal  values  for  all  time  periods  (p  <  0.001).  For 
normalized  crypt  values  (Fig.  6A),  there  was  no  signifi¬ 
cant  difference  between  the  distal  and  proximal  values 
on  day  3.  P  values  for  the  differences  on  the  remaining 
days  (5,  6,  8)  were  respectively.  0.0186,  0.0069,  and 
0.001  and  indicated  significantly  less  crypts/mm  in  the 
distal  small  intestines  on  those  days. 

A  2-way  ANOVA  was  run  to  determine  any  signifi¬ 
cant  interaction  in  Fig.  6A,B.  Significance  was  found  in 
both  cases  ( p  <  0.001)  indicating  that  distal  and  proxi¬ 
mal  values  behave  differently  across  time.  From  Fig.  6A 
it  appears  that  the  difference  occurs  between  days  3  and 
5;  distal  values  fall  (from  normal)  faster  than  proximal 
values  do.  From  Fig.  6B  it  appears  that  the  difference 
occurs  between  day  0  and  3,  in  that  proximal  values  fall 
from  normal  faster  than  distal  values. 

To  determine  what  significant  changes  occur  across 
time  for  both  normalized  proximal  and  distal  values,  a 
1-way  ANOVA  was  run  for  values  on  days  3,  5,  6,  and 
8.  In  most  cases,  significant  ( p  <  0.01)  changes  were 
found.  Days  5  and  6  were  the  exception.  No  significant 
changes  were  found  in  values  for  these  days. 

Discussion 

For  experiments  with  TBI  as  well  as  with  smaller  field 
irradiation,  such  as  isolated  loops  of  the  small  intestine, 
well-defined  dosimetry  is  a  prerequisite.  The  results  in 
Tables  1  and  II  indicate  that  the  planned  doses  were 
received  in  a  moderately  homogeneous  manner  (19], 


Therefore,  the  observed  difference  in  LD50  and  survival 
time  between  TBI  and  small  intestinal  irradiation 
(Fig.  2)  are  real  biological  differences  and  not  due  to 
differences  in  absorbed  dose  in  the  intestines  under  the 
two  different  radiation  setups.  No  clinical  differences 
were  observed  between  animals  dying  alter  TBI  or  after 
small  intestines  irradiation,  indicating  that  the  cause  of 
death  was  the  same  in  both  groups,  i.e.  fluid  and  electro¬ 
lyte  loss  [6].  Reabsorption  of  electrolytes  and  fluid  from 
the  irradiated  small  intestine  by  the  (nonirradiated) 
colon  might  play  a  role  in  extending  survival  in  animals 
subjected  to  small  intestinal  irradiation.  The  animals  in 
the  last  column  of  Fig.  4  (irradiated  abdomen;  shielded 
large  intestine)  probably  provide  an  example  of  pro¬ 
longed  survival  due  to  reabsorption  of  fluids  and  elec¬ 
trolytes  in  the  large  intestine  [21].  Previously,  other 
investigators  have  irradiated  exteriorized  small  intes¬ 
tines  of  rats  using  higher  doses  of  radiation  and  shorter 
length  of  intestines  (2.5  cm)  than  used  in  the  present 
study  [  12].  Late  deaths  (between  20  and  100  days  after 
radiation)  were  observed  and  proven  to  be  due  to 
radiation-induced  intestinal  obstruction.  This  mode  of 
death  was  not  observed  in  our  study  due  to  the  indicated 
differences  in  experimental  design  between  the  studies. 
Twenty  Gy  to  exteriorized  large  intestine  did  not 
induce  mortality  within  30  days  after  irradiation. 
Shielding  of  the  large  intestine  did  not  change  the  survi¬ 
val  time  observed  after  small  intestinal  plus  abdominal 
irradiation.  Reabsorption  of  fluids  in  the  large  intestine 
appears  to  be  only  one  of  the  mechanisms  that  prolongs 
survival  after  small  intestinal  or  abdominal  irradiation. 

The  difference  in  survival  time  after  small  intestinal 
irradiation  or  TBI  can  be  attributed  to  the  influence  of 
structure^)  distinct  from  the  small  intestine  that  are 
only  irradiated  in  the  TBI  procedure.  Blood  or  lymph 
vessels  feeding  or  draining  the  small  intestine  are 
irradiated  in  both  cases  and  cannot  explain  the  differ¬ 
ence  observed.  Larger  vessels  (aorta,  vena  cava,  and 
thoracic  duct)  are  only  irradiated  during  TBI.  Radiation 
effects  on  large  vessels  are  not  expected  to  influence 
mortality  due  to  intestinal  toxicity  occurring  5  to  10 
days  after  radiation.  By  exclusion  of  other  explanations, 
the  release  of  humoral  substances  in  the  irradiated 
tissues  (other  than  the  small  intestine)  remain  as  a  more 
probable  explanation  of  the  observed  results.  Such  sub¬ 
stances  would  travel  to  and  influence  events  in  the  small 
intestines  outside  the  irradiated  field.  After  abdominal 
irradiation,  the  changes  in  intestinal  circumference  of 
the  nonirradiated  small  intestine  suggest  the  release  of 
a  humoral  factor  that  decreases  muscular  tone  of  the 
small  intestine  (see  Table  III).  The  results  shown  in 
Table  IV  suggest  the  presence  of  humoral  factorfs)  with 
different  effects  on  the  proliferation  of  cells  in  the 
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nonirradiated  proximal  and  distal  small  intestine.  The 
influence  of  dietary  factors  on  intestinal  histology  after 
irradiation  was  excluded  by  comparison  of  experimen¬ 
tal  animals  to  surgery/anesthesia  controls.  Eating  habits 
of  control  and  experimental  animals  receiving  intestinal 
or  abdominal  irradiation  were  similar  up  to  day  6  post¬ 
irradiation. 

Shielding  experiments  (Fig.  4)  exclude  bone  marrow 
as  the  source  of  the  suggested  humoral  substances  that 
influence  mortality  from  radiation  damage  to  the  small 
intestine.  Animals  with  most  of  their  bone  marrow 
irradiated  (pelvis,  thorax  or  both,  the  latter  data  not 
shown)  did  not  die  earlier  than  animals  receiving 
exteriorized  small  intestinal  irradiation  only.  Tissues 
other  than  bone  marrow  as  sources  for  humoral  factors 
remain  to  be  considered.  Radiation  itself  might  change 
secretion  patterns  in  surviving  cells  directly.  More 
likely,  initial  release  of  humoral  factors  after  radiation 
is  caused  by  cell  death.  Due  to  the  short  time  period 
after  abdominal  irradiation  in  which  effects  are  ob¬ 
served  (<6  days),  cells  would  have  to  die  quickly  after 
irradiation  if  they  are  to  be  the  source  of  humoral  fac¬ 
tors.  Rapid  death  occurs  in  high-tumover  self-renewal 
systems  or  in  other  specific  tissues  by  the  mechanism  of 
apoptosis  (“interphase”)  death.  This  would  implicate 
lymphocytes,  spermatogonia,  large  intestinal  cells,  and 
some  types  of  exocrine  cells  as  potential  sources  of 
humoral  factors  [9,15,16.17].  Testes  were  included  in 
the  pelvic  field;  irradiating  them  did  not  appear  to 
influence  survival.  Splenic  lymphocytes,  exocrine 
glands  (like  the  pancreas  and  gall  bladder)  and  the 
stomach  were  included  in  the  abdominal  irradiation 
field  and  might  be  the  source  of  the  suggested  factors. 
Studies  of  irradiated  dogs  with  surgically  changed  and 
separated  flows  of  bile,  pancreatic  secretions,  and 
“intrinsic”  intestinal  secretions  indicated  that  se¬ 
cretions  of  the  irradiated  pancreas  can  decrease  survi¬ 
val  time  and  increase  histological  changes  in  the  intesti¬ 
nal  mucosa  after  abdominal  irradiation  [8,11]. 

An  interesting  paradox  was  revealed  between  proxi¬ 
mal  and  distal  small  intestine.  Early  mortality  was 
found  only  after  irradiation  of  the  proximal  small  intes¬ 
tine  (Fig.  3).  However,  as  shown  earlier,  shielding  the 
distal  small  intestine  prolonged  survival  more  effectively 
[22].  In  Table  V,  the  paradoxical  sets  of  observations 
are  summarized.  Radiation  of  the  proximal  small  intes¬ 
tine  causes  death  earlier.  Histologically  predominantly 
a  “villus”  response  is  observed  (Fig.  6B).  After  ir¬ 
radiation  of  the  distal  small  intestine  (histologically  pre¬ 
dominantly  a  “crypt”  response;  Fig.  6A),  mortality 
occurs  later  or  not  at  all.  A  decrease  in  villus  function 
(absorption)  in  the  normal  small  intestines  would  cause 
rapid  functional  deficits  and  mortality,  whereas  de¬ 


creases  in  crypt  function  (secretion,  cell  production)  in 
the  distal  small  intestines  remain  compatible  with  survi¬ 
val  if  sufficient  villus  function  remains.  The  effec¬ 
tiveness  of  shielding  the  distal  small  intestine  as  evi¬ 
denced  in  a  preceding  paper  [7]  can  be  explained  by 
assuming  humoral  factors  from  the  shielded  distal  small 
intestine  that  influence  regeneration  in  the  irradiated 
proximal  small  intestine.  Such  “trophic”  factors) 
would  have  to  travel  through  the  bloodstream  to  affect 
the  proximal  small  intestine  and  would  be  different  from 
the  humoral  factors  released  by  the  irradiated  abdomen 
postulated  in  this  communication.  The  shielded  proxi¬ 
mal  small  intestine  could  release  substances  into  either 
the  intestinal  lumen  or  the  bloodstream  that  influence 
the  irradiated  distal  small  intestine,  but,  if  so,  they 
would  affect  the  prevention  or  delay  of  radiation  mor¬ 
tality  less  significantly.  The  sites  of  origin,  mode  of 
transportation,  and  target  sites  for  humoral  factors 
postulated  in  this  communication  appear  to  be  similar 
to  suggestions  made  on  totally  different  data  sets  sum¬ 
marized  in  a  recent  review  of  intestinal  physiology  [4]. 
The  reviewed  studies  explored  the  adaptation  of  the 
small  intestine  to  surgical  resection  and  food  diversions 
and  indicated  trophic  luminal  factors  coming  from  the 
proximal  intestine  and  trophic  systemic  factors  from  the 
distal  small  intestine. 

The  crypt  stem  cell  assay  as  described  by  Withers 
and  Elkind  utilizes  the  jejunum  [26].  Figure  6 A  indi¬ 
cates  that  this  assay  will  indicate  an  “average"  radiation 
damage  if  taken  as  representing  the  radiation  response 
of  the  whole  small  intestine.  Less  damage  is  seen  in 
proximal  crypts  (duodenal),  more  damage  in  distal 
crypts  (in  the  ileum).  Overall  results  and  in  particular 
the  survival  times  observed  in  our  study  (Fig.  3)  indicate 
that  the  crypt  stem  cell  assay  in  the  jejunum  cannot 
predict  morbidity  or  mortality  after  intestinal  ir¬ 
radiation. 

Wheldon  and  Michalowski  postulated  that  radiation 
distinguishes  between  so-called  Hierarchial  (H)  self¬ 
renewal  systems  and  Flexible  (F)  self-renewal  systems 
by  the  latency  period  of  expression  of  radiation  damage 
[25].  H-systems  would  have  a  fixed  latency  period  inde¬ 
pendent  of  radiation  dose  that  is  equivalent  to  the  stem 
cell  transit  time  (the  time  it  takes  a  stem  cell  to  produce 
end  cells).  F-systems  would  show  an  inverse  relation¬ 
ship  between  latency  period  and  radiation  dose.  The 
small  intestines  were  considered  a  H-system,  with  a 
latency  period  of  5  days,  determined  by  the  time  it  takes 
a  crypt  stem  cell  to  reach  the  villus  tip  [2,5].  Results 
given  in  Fig.  2  indicate  that  their  proposed  discrimina¬ 
tory  test  for  H/F  systems  identifies  the  small  intestine 
as  an  H-system  after  TBI  but  as  an  F-system  after  small 
intestinal  irradiation.  It  appears  that  the  proposed  use 
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of  radiation  to  discriminate  between  H-  and  F-systems 
excludes  the  influence  of  humoral  factors  (such  as  hor¬ 
mones,  growth  factors,  or  toxins)  on  latency  periods 
and  cannot  be  applied  to  circumstances  where  those 
effects  can  be  observed. 

Recently,  in  studies  using  small  rodents  delayed 
deaths  were  observed  after  radiation  doses  that  are 
considered  to  cause  an  intestinal  syndrome.  The  inves¬ 
tigators  changed  the  previous  definition  of  this  endpoint 
(death  occurring  up  to  6  days  after  TBI  [  13])  to  death 
occurring  up  to  10  days  after  TBI  [  10,20].  This  defini¬ 
tion  change  was  justified  by  claiming  that  in  specific 
pathogen  free  animals  the  intestinal  syndrome  can  be 
delayed  [10,20].  However,  rats  in  the  present  study 
were  also  specific  pathogen-free  and  died  from  intesti¬ 
nal  damage  5  days  after  high-dose  TBI.  Other  studies 
with  germ-free  mice  and  totally  decontaminated  dogs 
showed  that  intestinal  mortality  is  delayed  only  by  1-2 
days  (not  5  days)  and  that  an  increase  in  LDjq  of 
approximately  1.5  Gy  is  observed  [5,9,23].  The  exten¬ 
sion  of  the  endpoint  for  intestinal  lethality  to  day  10 
after  irradiation  causes  an  overlap  between  intestinal 
syndrome  (death  after  TBI  before  day  10)  and  bone 
marrow  syndrome  (death  between  day  6  and  30  after 
TBI)  lethality;  this  adjustment  can  be  justified  if  one 
could  demonstrate  experimentally  that  irradiation  of  a 
large  volume  of  bone  marrow  enhances  intestinal 
toxicity  and  mortality  (not  found  in  this  communica¬ 
tion  ;  see  Fig.  4)  or  that  transplanting  bone  marrow  cells 
after  irradiation  prevents  or  delays  death  from  intestinal 
radiation  toxicity.  In  fact,  this  was  not  observed  in 
several  investigations  using  different  species  [21,24].  In 
one  of  the  more  recent  studies  the  authors  claimed  a 
beneficial  influence  of  bone  marrow  transplantation  on 
radiation-induced  intestinal  mortality.  However,  do¬ 
simetric  control  in  the  study  was  insufficient,  bone  mar¬ 
row  and  intestinal  mortality  could  not  be  separated  out 
appropriately  and  bone  marrow  transplantation  could 
only  have  relieved  mortality  in  animals  that  were 
destined  to  die  from  bone  marrow  aplasia  [20].  In  the 
other  study  using  a  10-day  endpoint  of  intestinal  death 
sufficient  detail  to  support  uniformity  of  dose  distribu¬ 
tion  was  not  given  [10].  Indeed,  the  radiation  quality 
and  treatment  distances  reported  in  both  communi¬ 
cations  produce  nonuniform  radiation  distributions  in 
small  rodents  [28].  The  dosimetry  preformed  in  our 
study  indicates  that  over  or  under  doses  to  different 
compartments  in  the  body  can  change  survival  patterns 


after  intestinal  radiation.  Therefore,  we  conclude,  like 
others  before  us  [  13,21]  that  with  at  least  a  moderately 
uniform  dose  distribution  and  an  endpoint  selection  in 
laboratory  animals  based  on  absorbed  dose  in  the 
appropriate  compartment  of  the  body,  no  evidence 
exists  for  a  significant  influence  of  the  bone  marrow 
syndrome  on  the  intestinal  syndrome. 

The  implications  of  the  described  research  are  im¬ 
portant  for  clinical  management  of  certain  types  of 
radiation  accidents,  e.g.  irradiation  to  the  abdomen. 
For  accurate  prognostication,  the  doses  received  by  the 
proximal  small  intestine,  the  distal  small  intestine,  and 
the  abdomen  must  be  determined  separately.  This  will 
probably  require  biological  dosimetry  given  that  intesti¬ 
nal  organs  are  distributed  diffusely  in  the  abdomen. 
Presently,  the  enzyme  diamine  oxidase  (DAO)  is  a 
prime  candidate  for  assaying  the  absorbed  dose  using 
intestinal  biopsies.  However,  it  would  not  be  suitable 
for  defining  doses  received  by  other  abdominal  organs 
from  which  biopsies  cannot  be  taken  easily  and/or 
contain  very  little  DAO  [3].  In  retrospect,  the  differ¬ 
ences  observed  in  response  of  the  proximal  and  distal 
small  intestine  to  radiation  are  not  surprising,  as  their 
tissues  do  differ  in  various  other  aspects,  e.g.  mor¬ 
phology,  function,  and  neuroendocrine  factors.  Further 
studies  are  required  to  explore  the  mechanisms  of 
radiation  damage  to  different  parts  of  the  small 
intestine,  as  the  radiation-induced  intestinal  syndrome 
appears  to  be  more  complicated  than  previously  appre¬ 
ciated.  New  applications  of  the  information  obtained 
will  not  be  limited  to  radiation  protection  or  radiation 
oncology,  but  will  also  be  useful  in  studies  of  intestinal 
physiology  and  pathology. 
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